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SOME ALTERED PALAGONITE TUFFS FROM JAMAICA AND THE 
ORIGIN AND HISTORY OF THEIR CHLORITES*' 


FRANK RAW 
University of Birmingham, England 
With a section on the geologic relationships by 
C. A. MATLEY 


Leamington, England 


ABSTRACT 
Slightly and moderately deformed palagonitic rocks from Jamaica suggest the destiny of palagonite. 
The principal rock described indicates its origin in sideromelane tuff, gives evidence of a palagonite-tuff 
stage, and displays in detail its mode of deformation. Sideromelane is inherently unstable; and palagonite, 





the product of the action of water upon it, is essentially chlorite. But palagonitization is slow, and, before 
it is much advanced, the rock spaces have usually been filled with low-grade chlorite followed by zeolite. 
The deposition of chlorite is often in two stages, which may differ entirely in orientation. Deformation, 
facilitated by the low resistance, raises the grade of both these chlorites; and chlorite schists and chlorite 





and albite schists, it is suggested, largely result from the dynamometamorphism of palagonite tuffs. 


INTRODUCTION 

Among twelve specimens, selected by 
Dr. C. A. Matley from a collection made 
by him when surveying in Jamaica in the 
spring of 1939, and which, accompanied 
by microsections, were submitted to the 
author, there was found a volcanic ash, 
which is in two respects of quite excep- 
tional interest. First, its mineral char- 
acter is of a type hitherto apparently 
unrecorded, and, second, its metamor- 
phism, which is very clearly displayed, 

‘Part of a paper read before the Geological 
Society of London on May 21, 1941, entitled “On 
a Remarkable Volcanic Tuff from Near Kingston, 
Jamaica, and Its Bearings on the Nature, Origin, 
and Destiny of Palagonite” ({Abstr.], Proc. Geol. 
Soc. London, No. 1379 [June, 1941] pp. 64-70), 
together with descriptions of other Jamaican palago- 
nitic rocks supplementing and confirming the con- 
clusions already reached. 





exhibits distinctly novel features. Study 
of the rock led to comparisons with 
palagonite tuffs, chiefly from Iceland, 
and to a detailed study of these. This 
again led to new views as to the nature, 
origin, and destinies of palagonite tuffs 
in general. 

Subsequently, among a suite of rocks 
also collected by Dr. Matley in the same 
year but in another district, four other 
comparable but very different pyroclas- 
tic rocks were discovered, confirming the 
conclusions reached from a study of the 
first. The present paper embraces de- 
scriptions of these rocks and a discussion 
of the mineralogical and petrological con- 
clusions arising therefrom. Dr. Matley 
has kindly furnished the following state- 
ment of their geologic relationships. 








GEOLOGIC RELATIONSHIPS 


Apart from pre-Cretaceous volcanic 
materials present in the basal complex, 
the rocks of Jamaica give evidence of 
three periods of vulcanicity. 

1. The Upper Cretaceous sediments 
with their Rudist limestones are associ- 
ated with great thicknesses of lavas and 
tuffs of an andesitic type. They are usu- 
ally red from hematization. It is in this 
series that the second discovery of 
palagonitic rocks was made. 

2. Highly vesicular basic (and perhaps 
spilitic) lavas associated with basic tuffs 
(often dark green) are found in the coun- 
try east of Kingston, especially around 
Halberstadt, where they are present in 
some abundance. Some of the flows 
have a marked pillow structure. They 
were laid down in water and are definite- 
ly of Eocene age, as shown by the few 
marine fossils in the associated shallow- 
water sediments. The horizon is prob- 
ably Lower Eocene and certainly not 
younger than Middle Eocene. Farther 
north, in the folded conglomerate, sand- 
stone, and shale country on both sides 
of the Kingston— Newcastle— Buff Bay 
Road, is a number of small outcrops of a 
thin series of basic lavas and tuffs, which 
are probably all on one Eocene horizon 
and seem to be an extension of the much 
thicker volcanic group at Halberstadt. 
They are intercalated in the upper part 
of the Wagwater (Purple Conglomerate) 
group, where it passes up into the brown- 
weathering or ‘‘Carbonaceous Shale” 
group of Sawkins. Like those of Halber- 
stadt, these lavas are vesicular, and the 
spheroidal masses suggest pillow struc- 
ture. The first specimen under descrip- 
tion came from this group. In the same 
area are a few basic sills and dikes, some 
of which contain olivine. The great New- 
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castle sill of feldspar-porphyry is in- 
truded at a level not far removed from 
the volcanic horizon. 


3. The only locality where the young- 
est volcanic rocks of Jamaica occur is at 
Low Layton on the north coast between 
Buff Bay and Port Antonio. Here vesic- 
ular basic lavas with fine pillow structure 
are found associated with the Montpelier 
or chalky facies of the White Limestone, 
and globeriginae can be found lying in 
the vesicles at the top of the flows, which 
are therefore submarine. This episode is 
of Upper Eocene or Lower Oligocene 
date. 

As stated above, the first tuff under 
description comes from a thin volcanic 
group of Lower, or possibly Middle, 
Eocene age found as small outcrops in 
the anticlines and synclines of folded 
sedimentary rocks. The group consists of 
two or three lavas, rarely exceeding 10 
feet thick; and tuffs are relatively un- 
common. The specimen was obtained 
from the side of the main road from 
Kingston to Buff Bay on the northern 
slope of the main ridge, two miles be- 
yond Hardwar Gap and a quarter of a 
mile beyond the twenty-third milepost, 
in the neighborhood of Limerick Mount. 
A lava was associated with it. 

This area was involved in the Tertiary 
orogenesis of Jamaica. The region is 
highly folded, and there are important 
thrusts, usually high-angled, with zones 
of sheared rocks, some in the condition of 
mylonites. But otherwise there is very 
little dynamic metamorphism. 

The other palagonitic rocks here de- 
scribed belong to the volcanic series of 
Upper Cretaceous age. They come from 
south of Guy’s Hill between the twen- 
tieth and twenty-third mileposts of the 
road running north from Spanish Town. 
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THE TUFF FROM NEAR NEWCASTLE 
JAMAICA 


KP 312 (microsections KP 312 a, 3, 
and c) is a specimen from near Limerick 
Mountain, Newcastle, Jamaica, on the 
Buff Bay Road, 23} miles from Kingston. 
The geological horizon is the top of the 
Wagwater (Purple Conglomerate) group, 
probably Lower Eocene. Dr. Matley 
labeled the rock ‘‘sheared spilitic tuff.”’ 

The hand specimen by its distribution 
of green, white, and black suggests a 
gabbro greatly altered and sheared. It is 
all softer than a knife. It looks like a 
mixture of saussurite, chlorite, and black 
iron ore; but microscopic study at once 
removes this impression. 

MICROSCOPIC CHARACTERS 

Three microsections of the rock were 
made. The first section proved to be ob- 
lique to the shear structure; and, since 
difficulties arose in its interpretation, an- 
other section was cut at right angles to 
the surfaces of shear and along the direc- 
tion of elongation, thus containing at the 
same time the directions of greatest 
elongation and of greatest contraction. 
Subsequently, for confirmation of con- 
clusions and for more efficient service 
with the Dollar micrometer a third sec- 
tion was cut normal to the direction of 
elongation. 

Microscope study soon showed that in 
his characterization based on the field 
occurrence Dr. Matley was correct: it 
was a tuff. Further study has shown, 
too, that it is albitic. 

The rock is a coarse volcanic tuff, con- 
sisting of extremely irregular amygda- 
loidal lava fragments ranging, in the 
slices, from 12 millimeters to 1 millimeter 
and, in the rock specimen, from 23 centi- 
meters down. It is strange, however, 
that with these fragments there is no 
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trace of fine material of comparable 
character. The lava fragments accom- 
panied by a few large mineral grains are, 
indeed, embedded in an abundant, color- 
less, fairly clear mineral matrix. The 
contrast between rock fragments and 
mineral matrix is strikingly complete. 
Originally the fragments would prac- 
tically all be highly vitreous and highly 
vesicular; but all vesicles are believed to 
have been completely closed by filling, 
though in many fragments much of this 
filling was subsequently lost when the 
vesicles were flattened out under defor- 
mation. Most fragments are partly 
translucent, the altered glass transmit- 
ting in thin section a khaki or grayish- 
olive color. All contain opaque, scat- 
tered hematite, many being very exten- 
sively replaced by it; and a few, which 
differ also in other ways, appear as if 
completely replaced. These differ mark- 
edly from the rest in having been more 
coarsely vesicular: the amygdales, more- 
over, in the single section of such a frag- 
ment, did not collapse and are filled with 
a different material. They would seem to 
represent a different part of the lava or a 
different lava, perhaps previously im- 
pregnated with iron (Figs. 6 and 7). 
Representing the original volcanic 
glass of translucent fragments is a pale- 
green, doubly refracting substance, 
greatly obscured, especially near the sur- 
faces of vesicles and therefore also of 
fragments, by dense crowds of rather 
highly refractive, minute, rodlike, prac- 
tically colorless crystals (cf. leucoxene), 
thought to be anatase (Figs. 8 and g).? 
Also at the bounding surfaces of the 
vesicles there is often a scattering of 
hematite, ranging from thin transparent 


2 Though at first thought to be sphene, the very 
small proportion of lime in the rock, 0.88 per cent, 
would seem to indicate anatase. 











films to opaque spherules, and sometimes 
a continuous hematite layer. 

Apart from the disseminated ‘‘ana- 
tase,’ the altered glass appears fairly 
homogeneous—there is no trace of mi- 
crolites, and it would appear to have 
been originally sideromelane.’ Its bire- 
fringence is consistently oriented, and 
this orientation can confidently be at- 
tributed to deformation. The birefrin- 
gence is strongest where consistent col- 
lapse of the amygdales and their parallel 
extension and dense distribution indicate 
strong, directed pressure. But even 
where the amygdales are practically 
spherical, giving between crossed nicols a 
good black cross, the double refraction in 
the surrounding altered glass is still 
strongly marked and is oriented like that 
in neighboring lava fragments. The di- 
rection of compression is that of the 
“fast” ray; that of extension—the “‘slow”’ 
ray. The refractive index of this sub- 

3M. A. Peacock, “The Basic Tuffs,’’ Part I in 
Peacock and G. W. Tyrrell, “The Petrology of 
Iceland,” Trans. Roy. Soc. Edinburgh, Vol. LV 
1926), pp. 66 and 67. 


Fic. 1.—KP 312, slide 6 (cut across the shear surfaces and in direction of elongation). 
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stance is higher than that of balsam, be- 
ing about 1.56, and its birefringence is 
sensibly the same as that of the first layer 
of chlorite filling the vesicles, where these 
are spherical. The orientation of its fast 
and slow rays, moreover, is the same as 
that of this chlorite in collapse; and the 
conclusion is reached that it also is crys- 
talline chlorite.‘ 

Phenocrysts are represented only by 
pseudomorphs after plagioclase and 
mafic minerals and are rare (see below). 

All the lava fragments, except the few 
replaced by hematite, had their vesicles 
completely or largely filled with chlorite 
(Figs. 4, 8,9, and 10). The first deposit of 
this is a substantial layer of sensibly col- 
orless, relatively homogeneous, and struc- 
tureless chlorite, which usually shows 
faint concentric lines of growth. Let us 
call it ‘‘Chlorite I.”’ Its refractive index 
is least where the vesicles are round and 
rises with deformation to 1.57. Its bire- 
fringence again, which, in the spherical 
vesicles is sensibly the same as that of the 


4 See pp. 226-27. 
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Ordinary light. 








X12. Matrix of finely cracked analcite with some albite. Numerous shards, “‘opaque,”’ except for amygdales 
and pseudomorphs after phenocrysts. Left of center a shard is little sheared: it is bordered by “Chlorites I 
and II’’; and its eyelike amygdales are filled with the same. Above this is a shard with some opaque hema- 
tite outside the peripheral chlorite, with pseudomorphs after fragmented olivine to left and increasing de- 
formation to right. These shards are seen in Figure 4. 

Fic. 2.—Same slide. Ordinary light. X12. A large, well-sheared shard, with vesicles represented by 
lines of Chlorite I. Chlorite is absent from its extended surfaces. Matrix chiefly of analcite. 

Fic. 3.—Same rock, slide c (cut across surfaces of shear and across direction of elongation). Ordinary 
light. 12. The matrix here does not show the parallel cracking. The small sections of shards are mostly 
“opaque.” In the center is a small upright shard, little sheared and with conspicuous peripheral chlorite. 
To the right is another with round vesicles filled with chlorites. 

Fic. 4.—Same rock, slide 6. Ordinary light. X40. Part of same field as Figure 1. Systematically cracked 
analcite crosses the center and below, to the left, is a shard, little sheared, with subspherical vesicles filled 
with Chlorites I and II. Above, a moderately sheared shard contains a pseudomorph of chlorite after olivine, 
with octahedra of magnetite. 

Fic. 5.—Same, slide 6. Ordinary light. X40. Part of a well-sheared shard with vesicles containing 
double bands of Chlorite I. 

Part of a large, highly hematitic, coarsely vesicular 
When entirely enclosed, this is little cracked. The 


Fic. 6.—Same rock, slide a. Ordinary light. X12. 
shard. The vesicles are mostly filled with analcite. 
peripheral vesicles mostly shown here are well cracked. 




















chlorite after the glass (half as high 
again as that of the analcite referred to 
below), rises considerably with deforma- 
tion—indeed, up to three times the 
strength. Furthermore, both these prop- 
erties usually increase in strength toward 
the inner (distal) limit of this chlorite, 
where the birefringence may be double 
its normal strength. Its optic orientation 
is definite: in subspherical amygdales 
the vibration direction of the fast ray is 
normal to the surface of the vesicle in all 
sections. In amygdales flattened by de- 
formation the orientation is still the 
same, but now the whole is alike, with 
the vibration direction of the fast ray 
coinciding with the direction of compres- 
sion (Fig. 5). 

In most of the fragments the amyg- 
dales have been flattened out; in this 
case they may contain no other filling 
besides Chlorite I. In those fragments, 
however, where part or the whole of the 
sectioned amygdales are still subspheri- 
cal, they are further filled with distinct 


Fic. 7.—KP 312, same slide, a. Ordinary light. 


amygdales containing analcite only or analcite with chorite border (external vesicles). 


cracks in the analcite. 


Fic. 8. 
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Same rock, slide ¢ (cut across the direction of elongation). Ordinary light 


the 


chlorite ‘‘fibers” directed toward 
center and having usually the same spa- 
tial optic orientation as Chlorite I, that 
is, the fibers have a —ve elongation, 
though not infrequently they may have a 
+ve elongation. Let this be Chlorite IT. 

Chlorite II is much coarser in texture 
than Chlorite I. Its optical properties 
may be about the same; but it has both 
higher refringence and higher birefrin- 
gence, when the two chlorites can be seen 
together. Its texture suggests that it 
may possibly be an aggregate of two min- 
erals. Both chlorites are almost colorless 
(very pale green) and have no appreci- 
able pleochroism, but in one cavity is to 
be seen a hexagonal plate of Chlorite II 
with green color. 

Several large vesicles, after having re- 
ceived Chlorite I and Chlorite II, were 
further filled with analcite, which some- 
times shows rectangular cleavage. In 
this connection it may be noted that in 
sections of sideromelane and palagonite 
tuffs from Iceland, kindly lent by Dr. 


x40. Same hematitic, coarsely vesicular shard with 


Note the sparse 


x62. The analcite 


shows little systematic cracking. Two small, distorted shard sections shew peripheral chlorite with hematite. 


The “opaque” 
and in two vesicles opaque matter also. 


FIG. o. 


matrix of the upper right shard contains vesicles filled with translucent Chlorites I and II 


The same field in reflected light. X62. The “opaque” matrix of the shards is now white, espe- 


cially in the well-sheared shard at the border (/eft, below), and the translucent chlorites are dark. The analcite 


and albite matrix of the rock is gray. 


Fic. 10.—The same field in crossed nicols. X62. The birefringent and radially arranged chlorites of the 
vesicles show a distorted bright cross on the black ground. To the right below, the matrix of the rock now 
divides itself into gray and black analcite and bright albite. 


Fic. 11.—Same rock, slide c. Ordinary light. 62. The two shards seen are chiefly chlorite after olivine; 
the upper includes octahedra of magnetite. Both show the peripheral chlorite layers associated with hema- 


tite. 


FIG. 12. 


Andesitic conglomerate, GH 23. Green filter and crossed nicols, with sensitive tint added. 








X40. Except the top strip, part of a deformed pebble of amygdaloidal andesite with a few crystals of plagio- 
clase. Practically all the bright areas are vesicles, the larger filled with ‘‘Chlorites I and II,” the smaller 
with “Chlorite I’? only. They are uniformly in position of brightest interference color for Chlorite I and are 
giving green and yellow of second order. Above to right is the interstice beyond the pebble filled with 
“Chlorite II.” 
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Tyrrell for comparison with this Jamaica 
tuff, it is clear that the chlorite-deposit- 
ing fluid did not diffuse through the 
glass but gained access to the vesicles 
along the abundant cracks. Small vesi- 
cles to which cracks gave access were 
completely filled with chlorite, while the 
corresponding deposit in large vesicles 
forms only a lining to their walls. The 
same is assumed to have been the case 
here. But in the vesicles of the lava frag- 
ment replaced by hematite the chlorite 
layers are usually quite lacking, the cavi- 
ties being filled with analcite (Figs. 6 and 
7). This absence of chlorite within the 
vesicles might be attributed to an ab- 
sence of cracks through the hematite 
during the chlorite-depositing stage of 
alteration. 

All the lava fragments, besides having 
their cavities filled with chlorite, are in 
general bordered all round by a con- 
tinuous layer of the same, which fairly 
closely matches that lining the vesicles, 
even to its subdivision into two layers 
(Figs. 4, 8, and 11). Typically it con- 
sists of an apparently homogeneous layer 
similar to the Chlorite I, and like it in 
having the fast ray normal to the sur- 
face, usually bordered by a thin layer of 
chlorite crystals of higher refractive in- 
dex but lower double refraction, doubt- 
less representing Chlorite II. Usually 
both have the same orientation of bire- 
fringence, though this outer layer not 
uncommonly has +ve elongation. These 
chlorite borders are always present at the 
ends of fragments, but they may be 
absent locally from the faces of the frag- 
ments, a feature attributable to defor- 
mation. 

The similarity of character of this ex- 
ternal chlorite to the chlorite of the vesi- 
cles suggests that they are both parts of 
the same formation, which was sub- 
divided into Chlorites I and II by some 
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change in environment. In Icelandic 
tuffs several such changes in the chlorite 
are often visible. 

These deposits of chlorite, however, 
both that outside the fragments and that 
within their vesicles correspond exactly 
with what Dr. Peacock regarded as palag- 
onite, the im situ alteration product of 
basic glass, the former being, according 
to him, a marginal alteration, and the 
latter, spherulites developed within a 
palagonite or altered sideromelane.® 

Interruptions of the vesicularity in the 
lava fragments mark original pheno- 
crysts. These are of two types. One is 
constituted by irregular grains and a few 
well-bounded crystals of untwinned feld- 
spar, usually as aggregates containing 
small grains of red hematite. Around 
these the lava is usually very opaque and 
in reflected light is white like leucoxene. 
This feldspar has a refractive index lower 
than that of balsam. Its association with 
hematite and leucoxene suggests that it 
is here secondary® and is thus a pseudo- 
morph. It is referred to albite (or a plagi- 
oclase near albite). 

The dominant type of phenocryst is 
represented by chloritic pseudomorphs, 
doubtless after a mafic mineral or min- 
erals (Figs. 3 and 11). A pseudormorph 
of an isolated crystal has an outline and 
structure, which suggests an origin in 
olivine; it consists of coarse chlorite, both 
in sheets of transverse fibers bordering 
original cracks and in aggregates of 
sheaves. Where most markedly fibrous 
this chlorite has +ve elongation but ex- 
hibits both positive and negative. Its 
refringence and birefringence are both 
greater than neighboring Chlorite I. 
Within this pseudomorph are also opaque 
crystals of two kinds: one is possibly 
brookite (brown, rectangular, and 
5 See p. 233. 


6 See below under analcite, p. 223. 
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opaque), the other magnetite in brightly 
shining octahedra. Another very similar 
chlorite pseudomorph attached to a pre- 
viously vitreous fragment has an exter- 
nal or first layer with —ve elongation 
like Chlorite 1, while the rest has +ve 
elongation. Most of the chlorite in other 
pseudomorphs has also +ve elongation; 
many contain octahedra of magnetite. 

In one slide only, out of three, occur a 
few crystals of greenish-gray epidote. 

The mineral matrix of this tuff is ex- 
traordinary; it appears to constitute 
about half of the rock by volume (Figs. 1 
and 3) and is of a type not perhaps de- 
scribed hitherto. White in the hand 
specimen, under the microscope it is seen 
to consist mainly of a single mineral 
identified as analcite. Irregularly scat- 
tered through it there is hematite in fine 
division, blood-red in reflected light. 

In the discussion on this paper read at 
the Geological Society of London, Dr. 
L. Hawkes mentioned his experience of 
the impossibility of establishing the iden- 
tity of the zeolites in tachylyte (sidero- 
melane) sandstones of northern Iceland 
by optical properties alone. In a subse- 
quent letter he suggested that it would 
be advisable to confirm the above iden- 
tification of analcite by X-ray examina- 
tion. Dr. Claringbull very kindly under- 
took the X-ray photography both of this 
analcite and of the albite which partly 
replaces it. These were isolated by the 
electromagnet, separated from one an- 
other by density, and submitted to Dr. 
Claringbull, who confirms the identifica- 
tions as “‘analcite” and ‘a felspar close 
to albite,” in states of comparative pu- 
rity (Fig. 13, A and B). 

This analcite exhibits a remarkable 
structure. Except in the hematized lava 
fragments, it is traversed by numerous 
subparallel cracks approximately normal 
to the extension of the fragments (Figs. 
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1, 2,and 4). Where the slide is thinnest 
and fewest cracks appear, there are still 
30-50 cracks to 1 millimeter. The fis- 
sures range from fine lines to veins 0.05- 
o.18 millimeter across; but all are filled 
with chlorite and to a small extent with 
hematite, both of which are therefore 
here of later origin than the analcite. 
This system of fissures can be referred to 
deformation. In the larger veins it is 
quite obvious that the plates of chlorite 
lie parallel to one another across the fis- 
sures. This chlorite has mostly +ve, but 
often —ve elongation, the two appearing 
in neighboring parts of the same fissure. 
The birefringence is about 0.006. 

Replacing parts of the analcite is a 
colorless mineral with a higher refrin- 
gence, still, however, well below that of 
balsam (cf. Figs. 8 and 10). Frequently 
it is polysynthetically twinned, with dis- 
continuous twin lamellas; it was iden- 
tified as albite. It obviously postdates 
the fissuring of the analcite, for it is 
bounded frequently by the chlorite-filled 
fissures. These crystals are probably 
based on plagioclase nuclei in the lava 
fragments, contiguous to which they usu- 
ally lie. It differs from the albite pseudo- 
morphs of the lava in not containing 
hematite. In a few places also small 
areas of natrolite are present in the anal- 
cite. The albite would appear to be pure, 
for the natrolite and the albite have the 
same birefringence, measured in one case 
as O.OIT. 

In reflected light the appearance of the 
rock under a low magnification is very 
striking; and, owing to the obscuration 
due to secondary changes, this illumina- 
tion is of great value as an aid to inter- 
pretation. The ground due to analcite is 
then dark- to light-gray, the latter where 
traversed by most abundant cracks: 
light-gray also are the areas in which 
analcite is replaced by albite. 








con 
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ANALCITE X ALBITE ANALCITE X ALBITE 
13A 13B 


Fic. 13.—Comparative powder-photographs (X-ray) of analcite and albite from matrix of KP 312, sepa- 
rated from other minerals by electromagnet and from one another by density. Photographed and identified 
by Dr. G. F. Claringbull. A, Strong prints for comparisons in center of field; B, light prints for comparisons in 
outer part. 














The lava fragments present great vari- 
ety according as they are hematized or 
not and according as they are traversed 
or not by the zones of intensive shear. 
Those not thus affected, and so having 
their vesicles subspherical, are pale sage- 
green in ground color, owing to a fine 
suspension of the colorless anatase in the 
green chlorite representing original glass; 
and they are spotted all over with the 
green amygdales—a dark-green ring of 
transparent Chlorite I enclosing the 
lighter-green Chlorite II. The amyg- 
dales may be outlined in brown hematite 
and are always surrounded by brighter 
borders due to surface concentrations of 
the anatase within the chlorite after 
sideromelane (Fig. g). Comparatively 
rare are the phenocrysts—the dark feld- 
spars with their specks of red hematite 
and the dark-green pseudomorphs in 
chlorite, some with flashing magnetite. 

Where, on the other hand, the same 
lava fragments form a shear zone, they 
become white. This is probably due to 
concentration of the anatase, resulting 
from solution and removal of the enclos- 
ing chlorite under stress. Their amyg- 
dales, too, are reduced to subparallel 
dark-green lines. The courses of these 
shear zones are extremely wavy, as if 
torn by currents. Along them light-red 
to dark-brown hematite is much devel- 
oped. 

A most conspicuous contrast to these 
is a fragment replaced by hematite 
dark brown, coarsely vesicular, and filled 
with dark-gray analcite. 


MODE OF DEFORMATION 


Owing to the heterogeneity of the 
rock, the different constituents, when 
subjected to deforming stress, exhibited 
marked differences of behavior. 

The obvious evidences of deformation 
are as follows: 
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1. The flattening-out of the amygdales so that 
they are extended across the direction of 
compression 

2. Frequent dislocation of the amygdales in the 
direction of their extension 

3. The double refraction uniformly exhibited 
by the whole of the previously vitreous part 
of the lava fragments 

4. The systematic variation in thickness of the 

external chlorite layer of the fragments 

. The system of fissures in the analcite, absent 

only in that within the vesicles of the hema- 
tized lava fragments 

6. The relationship between the orientations of 

items 1-5 


wn 


7. The filling of all the fissures in the analcite 
with chlorite, the origin of which can be 
traced to the development of items 1, 2, 
and 3 


A few notes under items 1-7 will here 
be given. 

1. The originally glassy lava frag- 
ments would seem to have yielded con- 
tinuously, but in various degrees accord- 
ing to the different intensities of the 
stress, as explained below. On the other 
hand, the hematized lava fragments re- 
sisted (Figs. 6 and 7). They consist of 
little besides hematite replacing the lava 
and of analcite filling their undeformed 
vesicles, and both constituents contrib- 
uted strength. 

The flattening of the amygdales is part 
of a general deformation of the previous- 
ly vitreous fragments, whereby the 
spherical amygdales were drawn out into 
elongated lenticles. Fortunately, all 
stages in the process are presented. Cer- 
tain of them, relatively protected from 
shear by neighboring hematized frag- 
ments, are only slightly deformed, and 
these have their vesicles subspherical and 
completely filled with Chlorite I and 
Chlorite II, only the largest vesicles hav- 
ing in addition an analcite center. 

In most of the fragments, however, 
the amygdales are thin, long, parallel- 
sided, and extended parallel to one an- 
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other; they are represented only by a 
double layer of Chlorite I with a distinct 
median parting. This condition is at- 
tributed to the collapse of the chlorite 
spheres under stress. Presumably their 
content of Chlorite II was gradually 
eliminated, owing to a weaker resistance. 
That this layer was previously present in 
all but the smallest vesicles is suggested 
by the fact that all degrees in its repre- 
sentation down to its total absence can 
be seen and by the character of the exter- 
nal chlorite layer of the lava fragments, 
which also clearly consists of Chlorite I 
and Chlorite II. 

2. Certain lava fragments, where sub- 
jected to especial shear, have slip planes 
running through them, which are traced 
by their dislocation of the amygdales. In 
some fragments, again, where the amyg- 
dales are subspherical and their walls 
strengthened with hematite, these are 
often dislocated in accord with the local 
deformation. 

3. By their closely spaced lines of 
elongated vesicles most of the lava frag- 
ments at first give a wrong impression of 
great flow when viscous. Such flow, by 
itself, would leave the fragments perfect- 
ly vitreous and inert between crossed 
nicols; also it would not explain the uni- 
form presence of the sharp division be- 
tween the two halves of the layer of 
Chlorite I within their vesicles. On the 
other hand, besides the above-men- 
tioned evidences of deformation, in every 
fragment, whether the amygdales are 
flattened out or subspherical, what had 
been glass is doubly refractive. This 
birefringence, moreover, is definitely ori- 
ented in such a way that the direction of 
compression in the fragment is the direc- 
tion of the fast ray and that of elongation 
the slow ray (strikingly seen when the 
slice is examined between crossed nicols 
and the sensitive, violet-tint plate in- 
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serted). Even in those fragments where 
the vesicles are spherical and no other 
evidence of deformation is pronounced, 
the altered glass is seen to have nearly 
the same double refraction as the Chlo- 
rite I of the amygdales and to agree with 
neighboring collapsed amygdales in op- 
tic orientation. With increase in the de- 
gree of deformation, as indicated by the 
progressive flattening of the vesicles, the 
birefringence rises. It is a most striking 
phenomenon. Every originally vitreous 
lava fragment in three sections, each 2 
inches long, exhibits this property. As 
before stated, the material seems to have 
become chlorite. For this material, pre- 
viously vitreous, now agrees closely with 
neighboring chlorite in color, refractive 
index, and in the amount and orientation 
of its double refraction.’ This last- 
named feature would appear to have 
been induced by stress, since it bears 
such a definite relation to the direction of 
compression indicated in several other 
ways. Though the orientation agrees 
with that exhibited by artificially stressed 
glass,° the effect differs from this in being 
permanent and strong. 

This transformation of basic volcanic 
glass into chlorite is not difficult to con- 
ceive after comparison has been made 
with sideromelane and palagonite tufis. 
The lava fragments were in each case 
chilled basic glass (sideromelane), which 
water action changes into palagonite.’ 
Dr. M. A. Peacock has given an ac- 
count of the process in a number of pa- 


7In other rocks in which it is more transparent 
it exhibits pleochroism also and is similarly oriented 
(see pp. 237, 240-41). 

8 E.g., Hardy and Perrins, Principles of Optics 
(New York: McGraw-Hill Book Co., 1932), p. 613. 


9It seems unnecessary to discuss the nature of 
palagonite or its relation to chlorophaeite. The 
author’s standpoint is expressed in the discussion 
on this paper after its reading (see Raw, op. cit., 
pp. 68-69). 
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pers; and his slides are in the Glasgow 
University geological collection. Hence, 
for comparison with this Jamaica tuff, 
close study has been made of a collection 
of 40 slices of sideromelane and palag- 
onite tuffs from Iceland, kindly lent by 
Dr. Tyrrell and Professor Trueman. In 
these, all stages in the transformation of 
sideromelane into palagonite are exhib- 
ited. Peacock has claimed that the 
change is accompanied by hydration, by 
oxidation of the iron, and by loss of lime 
and soda. This would bring the glass to- 
ward the composition of a chlorite. Of- 
ten the palagonite is isotropic; but some- 
times it is a birefringent substance, ori- 
snted in accordance with the 
from which it grew, perhaps controlled 
in its crystallization by previously de- 
posited chlorite. In all cases probably, 
when the palagonite has attained stabil- 
ity, it will have the composition mainly 
of a chlorite. Presumably the effect of 


surface 


stress has been to purify by crystalliza- 
tion and to control the orientation. 

4. Around fragments protected from 
deformation by the hematized fragment, 
which is at the same time the largest, the 
external chlorite layer does not vary 
much. But around a normal deformed 
fragment this layer varies in thickness 
greatly and systematically. On the shear 
surfaces it is attenuated or, where a frag- 
ment is greatly drawn out, absent alto- 
gether, owing to removal by solution 
from a surface of compression. This was 
accompanied by recrystallization across 
a direction of tension (see below). 

5. The systematic fissuring of the an- 
alcite is a most striking feature, giving a 
definite pattern to the analcite areas. 
Except in the amygdales of the hema- 
tized lava fragment, the whole of the 
analcite is affected: the close-set cracks 
extend across the direction of elongation, 
which is indicated both by the flattened 
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amygdales and by the direction of the 
slow ray in the adjoining lava fragments. 

The variation in the direction of the 
cracks, from subparallel to radiating, is 
explicable by the constant variations in 
the directions of the shear zones running 
through the irregular and irregularly 
spaced “‘vitreous” fragments, which in- 
volved bending, as well as tensile stress 
in the neighboring analcite. Apart from 
this cracking and opening of fissures, the 
analcite has suffered no visible deforma- 
tion. The cracking has relieved the strain 
natural in the mineral, for these cracked 
areas exhibit lower birefringence than is 
shown by the same mineral within the 
undeformed vesicles. This fissuring of 
the analcite suggests that the uniform 
pressure accompanying the stress was 
relatively low. 

6. All the fissures, in which the width 
can be appreciated, are found to be filled 
with chlorite closely similar to the Chlo- 
rite II of the subspherical vesicles and of 
the ‘‘external chlorite layer.”’ Like these, 
the sign of its elongation varies. Wher- 
ever the structure of a chlorite vein can 
be seen, the chlorite flakes or fibers ex- 
tend across the fissure, and they are thus 
fibrous veins. Their aggregate thickness 
in proportion to the analcite furnishes a 
minimum value for the stretching of the 
latter. 

In sections across these veins there is 
no center line; hence they do not seem to 
have originated by the filling of open fis- 
sures; indeed, had this been the case, we 
might expect fans and sheaves of chlorite 
in them. On the contrary, chlorite 
growth would seem to have kept pace 
with the stretching and to have main- 
tained continuity. In support of this is 
the fact that the chlorite fibers maintain 
their parallelism, though the fissures 
change direction. The veins suggest a 
gradual of elongation. 


very process 
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Small parts of fine veins may be occupied 
by hematite. The fact that chlorite is the 
only mineral extensively taking part 
marks it as a low-temperature effect. 


The deformation evidently constitutes 
a low-grade metamorphism. This is in- 
deed fortunate, for it is this feature 
which enables one to analyze the defor- 
mation, to picture its progress in detail, 
and also to visualize the predeformation 
stages of alteration. 

The determining factors readily divide 
themselves into (1) the mineralogy and 
lithology of the affected rock and (2) the 
physical conditions inducing and accom- 
panying deformation. 

Originally the rock was, one judges, a 
particularly pure sideromelane tuff. But 
sideromelane, being vitreous and basic, is 
highly unstable; it would all have been 
altered, given suitable conditions; and 
reasons have been given for assuming a 
change into palagonite. This substance 
is highly hydrous and soft and would 
readily give way under stress. In sections 
of Icelandic palagonite tuffs, in which 
zeolites are scarce or absent, one can note 
how the palagonite has collapsed like a 
watery sponge, presumably under gravi- 
tation, proving less resistant than the 
crystallized chlorite, which occurs as 
spherules filling vesicles and as borders 
to the fragments, and very much less 
resistant than the zeolites. 

In our rock the beautiful preservation 
of the textures in the shards shows that 
such collapse was inhibited, which indi- 
cates that, as is the case in Icelandic 
rocks, palagonitization was largely de- 
ferred until the spaces of the rock had 
been filled with chlorite and analcite. 
The great abundance of analcite, which 
constituted a continuum, gave rigidity 
to the rock as a whole. To this strength 
the iron ore also would contribute. 





FRANK RAW 








Originally deposited, probably, largely 
as limonite, this would appear to have 
changed into hematite before or during 
the deformation. 

Ignoring the content of iron ore as 
being subsidiary, the successive condi- 
tions of the rock up to the onset of stress 
appear to have been: (1) a sideromelane 
tuff; (2) a sideromelane tuff impregnated 
with chlorite; (3) a sideromelane (and 
palagonite) tuff impregnated with chlo- 
rite and further completely filled and 
cemented by analcite; (4) the same, but 
completely palagonitized. 

Remove the effects of stress, and one 
sees the tuff as a coarse aggregate of dis- 
crete fragments of lava of two very dif- 
ferent resistances, a few being changed 
to resistant hematite, the rest converted 
to weak palagonite, and all within a 
voluminous continuum of crystalline 
analcite. 

Under the stress the coarse texture 
combined with the very different behav- 
iors of these three main constituents en- 
tirely prevented any uniformity of de- 
formation within the rock. There are no 
shear ‘‘planes’’ but only extremely irreg- 
ular shear surfaces. By the distribution 
of mineral composition the flow is largely 
limited to a three-dimensional network, 
the strands of which have very wavy 
courses of extremely varied thickness; 
for the flow traversed especially the 
pieces of palagonitized lava, avoiding the 
hematized fragments and the analcite, 
though cracking the latter and dragging 
it asunder. The courses of the cracks in 
the analcite can be directly connected 
with this irregularity of the flow. 

All the processes of deformation were 
in operation at the same time. We can 
directly connect the deformation of the 
palagonite with that of its amygdales, 
though the palagonite responded more 
readily to the stress, all of it becoming 
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birefringent, even where the vesicles re- 
main spherical. This weakness and ex- 
tension of the palagonite allowed the 
stress to crack and extend the analcite. 
And, concurrently with all these, the in- 
terstitial water was, under stress, dis- 
solving chlorite from the amygdales, 
from the external sheared surfaces of the 
palagonitized shards, and also out of the 
palagonite itself. This chlorite, more- 
over, the water was carrying to the 
cracks in the brittle analcite, keeping 
them filled all the time as they widened. 

F. W. Clarke recounts the artificial 
formation of analcite in four different 
ways at temperatures of about 180° C."° 
In cooling it suffers inversion to some 
other crystalline state, as does leucite at 
a higher temperature. Hence these min- 
erals may be under intense strain. Both 
analcite and leucite are notably brittle. 
Can the strain be in large part the cause 
of the brittleness? 

Still other mineral changes which have 
affected the rock can best be attributed 
to this period of deformation. The irreg- 
ular feldspars of the shards are albite 
carrying disseminated hematite and are 
doubtless secondary after basic plagio- 
clase. Comparisons with Icelandic palag- 
onite tuffs suggest that the basic feld- 
spar would survive the palagonitization 
unaltered. Also it may be noted that one 
of the three slices of this rock contains a 
small amount of epidote, which could 
originate from lime feldspar. Both these 
minerals—albite and epidote—are com- 
mon effects of stress metamorphism; and 
this is probably their mode of origin here. 

Perhaps it is exceptional for the con- 
trasted behaviors of the several constitu- 
ents under stress to be so clearly marked 
and so clearly separable from one anoth- 
er. Had the deformation been greatly 


te “The Data of Geochemistry,” U.S. Geol. Surv. 
Bull. 770 (1924), p. 373- 
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extended, these different behaviors might 
have been overlooked, owing to a spread- 
ing and intermixture of the constituents 
and a consequent confusion of their 
effects. 


SYSTEMATIC POSITION AND DEVELOPMENT 
OF THE ROCK 

Ignoring minor changes, at least five 
different stages comprised the develop- 
ment of this rock. They are given in the 
summary on page 242 and are 
cussed below. Closely comparable stages 
can be seen in the microsections of Ice- 
landic sideromelane and palagonite tuffs 
from Glasgow University, already men- 
tioned. 


dis- 


STAGE I. INCOHERENT, VESICULAR 
SIDEROMELANE TUFF 

Only this first stage was purely igne- 
ous. It was pyroclastic, peculiar in con- 
sisting almost entirely of vitreous lapilli 
without volcanic sand or dust, and was 
therefore extremely porous. Measured 
with the Dollar integrating micrometer, 
the spaces between the lapilli prove to 
have been equal in volume to what now 
represents the lapilli themselves. If to 
this be added the volume of the vesicles 
within the lapilli, which in many frag- 
ments was much more than half their 
volume, the aggregate porosity must 
have reached about three-fourths of the 
volume. Such an extremely porous de- 
posit could not have sustained itself in 
air except to a relatively slight depth. 
Water, however, would give support, in- 
dicating that the rock must indeed be an 
aqueous deposit owing its character to 
the conditions of deposition. 

A few fragments had already suffered 
extensive impregnation with iron before 
accumulation. They had evidently had 
a different history from the rest. 

The typical lapilli (except for sparse 
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phenocrysts) appear to have been almost 
entirely vitreous without even microlites. 
What remains of them now is practically 
all chlorite, the dominant phenocrysts, as 
well as what represents the glass, con- 
sisting of that mineral. Further, the la- 
pilli are coated and filled with chlorite. 
These features indicate a basic rock; in- 
deed, the proportions of pseudomorphs 
apparently after olivine suggest the 
vitreous equivalent of an olivine basalt. 

The vitreous nature of lapilli of a com- 
position so basic implies the sudden 
chilling of a magma thoroughly fluid ex- 
cept for its phenocrysts, whose scanti- 
ness can be referred to the high tempera- 
ture from which the chilling was effected. 
For such clear vitreous basalts Peacock 
has suggested the revival of von Walter- 
hausen’s name, sideromelan," anglicized 
into “‘sideromelane.’’? Such glass is 
black, but in thin section it is trans- 
parent, clear, and yellowish in color, and 
its only minerals are the early-formed 
constituents—olivine or feldspar or both. 
Peacock (1924-25) has accounted for the 
high proportion of ol vine by the fact 
that the early chilling inhibited reaction. 
Sideromelane contrasts with tachylite by 
its transparency and freedom from crys- 
talline matter.’ It is characteristically 
developed as a skin on submarine lavas 
and as the lapilli of submarine tuffs."4 

Peacock and Fuller recognized it also 
where a Columbia River plateau basalt 
entered a fresh-water lake;’5 and other 
occurrences are recorded by W. M. 

™ Tyrrell and Peacock, op. cit., p. 56. 

12M. A. Peacock and R. E. Fuller, “Chloro 
phaeite Sideromelane and Palagonite from the 
Columbia River Plateau,” Amer. Min., Vol. XIII 
(1928), p. 360. 

™3 Peacock, “The Basic Tuffs,” op. cit., p. 66. 

14 [bid.; “The Volcano-Glacial Palagonite Forma- 
tion of Iceland,’ Geol. Mag., Vol. LXIII (1926), 
p. 401. 


ts Loc. cit. 
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Chappell.” G. V. Wilson also records an 
Eocene instance in the Island of Skye.” 
It is especially characteristic of Icelandic 
tuffs, which Peacock referred to sub- 
glacial extrusions."* This last mode of 
origin for sideromelane has been sup- 
ported by N. Nielsen and A. Noe- 
Nygaard’? in 1936; likewise by T. F. W. 
Barth in 1937,7° who found that sub- 
glacial extrusions of volcanic ash from 
Vatnajokull both of 1922 and of 1934 
gave rise to practically identical sidero- 
melane tuffs. From sideromelane, and 
from this alone, Peacock derived palag- 
onite, fibro-palagonite by the action of 
hot water, gel-palagonite by the action of 
cold water under pressure.” 

Extrusion into cold sea water would 
fit what is known of this Jamaica tuff, 
and sudden chilling of an olivine basalt 
magma would give rise to a glass with a 
preponderance of olivine phenocrysts 

Such unchanged vesicular siderome- 
lane without filling by chlorite or zeolites 
is seen in the slide entitled “‘T119. Tuff 
of Sideromelan and Hyalo-basalt. ? Till. 


Mouth of Stora Valagil, Tindfjalla- 
jokull, Iceland, Geol. Dept. Glasgow 


University Coll"”’; and it contains a 
small proportion of opaque, black, vesic- 
ular lava fragments. 

© “The Effect of Miocene Lavas on the Course 
of the Columbia River in the Center of Washing- 
ton,” Jour. Geol., Vol. XLIV (1936), pp. 379, 382-84. 

'7 In Summary of Progress of the Geological Sur- 
vey of Great Britain for 1935, Part I, pp. 81-84 


*8 “The 
400-03. 


” 


Vulcano-Glacial...., op. cit., pp. 


islandske 


” 


19“Om den ‘Palagonitformation’ 
Oprindelse (Entstehung),” Geog. Tids. (k. dansk 
geog. Selsk.) Vol. XXXIX, Part IT (1936), pp. 890 
122. 

20 “Volcanic Ash from Vatnajékull: A Modern 
Formation of Sideromelan,” Norsk. Geol. Tids., 
Vol. XVII, Part I (1937), pp. 31-38. 

21 Peacock, “The Vulcano-Glacial .... , ” op. cit., 
pp. 70-71, 74. His fibro-palagonite is, however, 
referred below (pp. 233-35) to deposited chlorite. 
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Very vesicular sideromelane, again, 
but with extremely thin deposits of 
chlorite with ‘‘+ve elongation” and 
with incipient formation of palagonite 
(as hemispherules), is seen in “X8. 
Sideromelane tuff. Kverkfjoll, N. Mar- 
gin of Vatnajokull, Iceland,” which is 
awaiting description by F. W. Anderson 
and G. W. Tyrrell. This is the closest 
match to this hypothetical Stage I. 


Il. EXTREMELY POROUS, AMYGDALOIDAL 
SIDEROMELANE TUFF 


STAGI 


Following a slight development of 
/limonite, now hematite, the first impor- 
tant change was the deposition of Chlo- 
rite | and Chlorite II, each in succession 
coating the shards and also filling their 
vesicles. The relations and the differ- 
ences between Chlorite I and Chlorite IT 
suggest that I was formed at higher tem- 
perature and more rapidly than II. That 
these deposits preceded any extensive 
palagonitization of the sideromelane has 
already been claimed above. 

The nature of the lapilli during and 
after the impregnation by chlorite can be 
judged by comparisons with siderome- 
lane tuffs from Iceland and a recent 
sideromelane and palagonite tuff from 
Samoa in the Waller Collection of the 


Geological Department, Birmingham 
University—‘‘374 Palagonite, Samoa, 


probably Upolu.”’ 

The bulk of the Samoan rock consists 
of highly vesicular fresh sideromelane 
fragments, which are separated by palag- 
onite. The glass of the larger lapilli is of 
a dull, greenish-yellow color and devoid 
of microlites or trichites. Fresh olivines 
in well-shaped crystals are the only phe- 
nocrysts. All the larger vesicles are lined 
with a substantial layer of doubly re- 
fracting material, apparently represent- 
ing our Chlorite I. It is paler and less re- 
fractive than the glass, a purer yellow in 
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color, apparently homogeneous, and with 
a refractive index of about 1.55. The 
birefringence is weaker than that of 
Chlorite I, but it agrees with this both in 
optic orientation and in the fact that the 
deposit begins and ends with material of 
higher birefringence. It seems probable 
that in this Samoan sideromelane we 
have exhibited an early stage in the for- 
mation of the mineral of our Chlorite I. 
In both cases we seem to have the equiv- 
a'ent of the celadonite priming of agate 
amygdales. This, however, has a ‘‘+ve 
elongation’’—a feature perhaps of little 
signiiicance. There are some minute vesi- 
cles without this deposit and still filled 
with gas; for only those vesicles to which 
cracks lead receive the deposit. The 
smaller of these are filled completely, the 
larger contain a central space. The fresh 
sideromelane in the section is quite dis- 
tinct, both from this birefringent lining 
of its vesicles and from the deeper and 
brighter yellow cryptocrystalline “palag- 
onite.’’ This palagonite results here in 
part from the hydration of massive sider- 
omelane containing vesicle linings similar 
to those just described, but especially 
from hydration of the finely divided mate- 
rial between the larger lapilli. The angu- 
lar spaces filled with this material are 
lined throughout with a layer of the same 
mineral that lines the vesicles, corre- 
sponding, therefore, with the layer of 
Chlorite I round the lapilli of our tuff. 
Both within the vesicles and in these ir- 
regular spaces it is clear that the bire- 
fringent layer is a separate deposit and 
not merely a modification of glass or of 
palagonite. For in four cases olivine 
bounds a vesicle and in one case projects 
into it, but in each case the layer is of just 
the same width past the olivine, which 
would not be the case were it replacing 
sideromelane, as is claimed by Peacock. 
Again, in the linings of the angular rock 
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spaces there is no difference in its char- 
acter when bordering glass and when 
bordering ‘‘palagonite.”’ 

An example from Iceland with com- 
parable amygdaloidal lapilli is “X93. 
Sideromelane tuff from Kverkfjéll, north 
margin of Vatnajékull, Iceland,” await- 
ing description by Anderson and Tyrrell. 
The very vesicular sideromelane frag- 
ments have their vesicles, where cracks 
reach them, filled wholly or partly, ac- 
cording to their size, with chlorites. Bor- 
dering the deposited chlorites, the glass 
to a small extent is altered to palagonite, 
which, indeed, here is a chlorite with the 
same orientation of birefringence as the 
deposited chlorite! 

The material for the deposit of Chlo- 
rite I and Chlorite II in our tuff can most 
reasonably be derived by decomposition 
(palagonitization) of comminuted sidero- 
melane elsewhere in the deposit or of a 
pre-existing sideromelane tuff at a lower 
level. 

At the close of this stage, judging from 
Icelandic examples, the palagonitization 
of the glass would have only just begun. 


STAGE III. COMPACT, ANALCITE-CEMENTED 
AMYGDALOIDAL, SIDEROMELANE (AND 
PALAGONITE) TUFF 

The next changes involved a relatively 
enormous accession of mineral matter. 
After some deposition of iron ore, now 
represented by hematite, the remaining 
spaces in the rock—those between the 
lapilli, which still constituted about 45 
per cent, and those of the largest vesicles, 
which the deposits of chlorite had not 
completely filled—were now filled up 
with analcite. 

The large volume of the analcite and 
the preservation to so large an extent of 
the original structures of the lapilli sug- 
gest that its deposition was very rapid— 
much more so than palagonitization. 
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The material for so copious a deposit 
cannot, so easily as in the case of the 
chlorite, be derived by decomposition of 
igneous rock elsewhere. Its great pre- 
ponderance suggests the need of a further 
source of soda, most probably the salt of 
the sea. This, reacting with fine vol- 
canic ash with or without the aid of vol- 
canic heat, would be a sufficient source. 
No great elevation of temperature would 
seem to be needed. 

Analcite occurs very abundantly in 
the deposits of some salt lakes which 
have received volcanic ash, as described 
by W. H. Bradley’’ and C. S. Ross”! in 
the United States. In these cases sun 
heat may have been a factor. 

No rock closely approaching this stage 
in the proportion of its constituents can 
be cited. But among the collection of 
slides from Iceland are some which ap- 
pear to be completely filled with chlorite 
and zeolites, without much decomposi- 
tion of the sideromelane having taken 
place. For example, “X7. Palagonite 
tuff, ‘Yellow Tuff,’ from Kverkfjéll, N. 
margin of Vatnajékull,” to be dealt with 
in an unpublished work by Tyrrell and 
Anderson, is a tuff of sideromelane mixed 
with relatively opaque, vitreous lava frag- 
ments, all of them highly vesicular. The 
fragments were partly filled with pale 
olive-green chlorite with ‘‘+ve elonga- 
tion”; then further filled with analcite 
and with calcite in scattered crystal 
grains. The sideromelane of some frag- 
ments has subsequently become exten- 
sively palagonitized. The proportions, 

22 The writer from his first acquaintance with 
spilites has always attributed their soda to this 
source, 

23 ‘The Occurrence and Origin of Analcite and 
Meerschaum Beds in the Green River Formation of 
Utah, Colorado, and Wyoming,” U.S. Geol. Surv. 
Prof. Paper 158-A (1929). 


24“Sedimentary Analcite,” Amer. Min., Vol. 


XIII (1928), pp. 195-97. 
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however, both of chlorite and of zeolite, 
are much less than in our rock, a differ- 
ence in harmony with the contrast be- 
tween terrestrial and marine conditions. 


STAGE IV. ANALCITE-CEMENTED, AMYG- 
DALOIDAL, PALAGONITE TUFF 

The next change—the completion of 
palagonitization of the sideromelane, in 
the now compact rock—would probably 
occupy a much longer time than the pre- 
ceding stages combined. Reasons have 
already been given for the conclusion 
that this change could not have preceded 
the deposition of analcite.’s 

It must have been effected by slow dif- 
fusion and was controlled by constancy 
of volume. That such a control was exer- 
cised here is indicated by the perfection 
of the vesicular texture in those shards 
which have been little deformed. It is 
well demonstrated by the Videy tuffs 
described by Peacock. These are only 
partly palagonitized and are thus sidero- 
melane and palagonite tuffs. The sidero- 
melane has very marked flow texture, 
which is equally evident in the palag- 
onite. At the junction of these there is 
no change in the directions of the flow 
bands, showing that the change to palag- 
onite was accompanied by no change of 
volume, notwithstanding the great acces- 
sion of water. Peacock figured a micro- 
section of one.”° 

The resulting rock is approached in 
qualitative composition, though not in 
quantitative, by specimens from Iceland 
in the Glasgow University collection. 
Two slides described and figured by Pea- 
cock will serve for comparison. 

Slide S 30 is labeled ‘“‘Palagonite rock 
with gelpalagonite and zeolites: South 
shore of the Hvalfjérdur, Iceland. A 

25 See above, p. 228. 


26See Peacock, ‘‘The Vulcano-Glacial... . 
op. cit., Fig. 4, p. 395- 
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massive bed underlying the Glacial lavas 
of the Mulafjall.”” According to Peacock, 
it consists of sideromelane, 3 per cent; 
palagonite, 76 per cent; chlorite, 14 per 
cent; and zeolites, 7 percent. ““The palag- 
onite,”’ he stated, “is isotropic, and its 
minimum refractive index 
1.500.’*7 In color it is ““yellow-brown”’ or 
“‘vellow-green.” 


is close to 


The palagonite has partly crystallised with 
the formation of chlorite and zeolites... .. 
This alteration [into chlorite] has resulted in 
vermicular and spherulitic aggregates. The 
former is displayed in the palagonite films 
which fuse together adjacent palagonitised 
sideromelans; the latter is assumed where 
crystallisation has commenced spontaneously 
within larger palagonite areas..... The zeo- 
lites occupy the circular centres of the chloritic 
spherulites and the central sinuous areas of the 
vermicular patches.”8 


He identities the chlorite as clinoclore 
and finds in the zeolite analcite, faujasite, 
and stilbite. 

Inspection of the photographs’’ sug- 
gested a quite different interpretation, 
which the study of this and other slides 
has confirmed. 

The paper described nine rock slices of 
sideromelane and palagonite tuffs and 
discussed their origin. In no less than 
seven of these slides, all of which are in 
the Giasgow collection, the vesicular la- 
pilli are found to be coated, and their 
vesicles filled with chlorite; this, how- 
ever, he claimed to be a secondary altera- 
tion product of sideromelane, formed by 
crystallization of palagonite. On the con- 
trary, the writer finds that the deposition 
of chlorite mostly preceded the altera- 
tion of the sideromelane into palagonite, 

27 It is, however, in the slice studied higher than 
that of the balsam mountant and must be at least 


1.54, depending probably, in such hydrous material, 
on the treatment accorded to the rock section. 


28 Tbid. 
29 Ibid., Figs. 4 and s. 
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for in several rocks chlorite coats unal- 
tered sideromelane. The initial bound- 
ary of the chlorite is sharp and even, 
being based on the smooth surface of 
bubbles in—or of fractures through—the 
glass. These same surfaces are the initial 
surfaces of “‘palagonite,” if we mean by 
this term the in situ alteration product of 
sideromelane: the other boundary, ex- 
istent when palagonitization is incom- 
plete, is, on the other hand, extremely 
irregular. The zeolites, again, which also 
he claimed as products of the alteration 
of palagonite, were likewise deposited for 
the most part before extensive palagoni- 
tization of sideromelane had taken place; 
hence these zeolites have no filial rela- 
tionship to the palagonite in which they 
occur. 
Peacock’s 


‘ 


‘vermicular aggregates”’ of 


chlorite are usually the external coats of 
lapilli; but sometimes the linings of large 


internal vesicles, when greatly distorted 
by collapse of palagonite, present similar 
vermicular forms. His “‘spherulitic ag- 
gregates”’ are in every case the fillings of 
vesicles. Their growth has been from the 
circumference inward, not from the cen- 
ter outward. That this is the case is sup- 
ported by four facts: 


’ 


1. The “spherulitic aggregate,” as he stated, 
is often an annulus enclosing a zeolite, that 
is, a vesicle filled with the successive de- 
posits of chlorite and zeolite. 

. The exterior of the supposed “‘spherulites”’ 
is the smoothest curve among the lines of 
growth both of chlorite and of palagonite, 
being, indeed, the boundary of a bubble. 

. The minerals, both chlorites and zeolites, 
occupying such spheres often form hemi- 
spherical aggregates radiating from points 
on the initial bounding surfaces (the lines 
of growth thus indicating the directions of 
growth). 

. The supposed spherulites, where adjacent, 
do not coalesce, being still separated by 
what was originally the glass between the 
bubbles. (For these points see also Slide 
T83. ‘‘Palagonite tuff with fibro-palagonite, 
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N. Bank of the Markarfljot .... Torfa- 

jokull, Iceland.’’) 

Besides ‘‘S. 30” with which this Stage 
4 has been compared, a similar compari- 
son can also be made with slide Tiz. 
“Palagonite rock with gel-palagonite, 
zeolites and chlorite, Austurlith, 4 miles 
S.W. of Geysir, Iceland,” which was in- 
terpreted by Peacock in the same way; 
for example, he stated: “The isotropic 
palagonite has been partly altered with 
the production of a pair of complemen- 
tary minerals, chlorite and analcite.” 
These, on the contrary, can be confident- 
ly claimed to have been in existence pre- 
vious to palagonitization of the siderome- 
lane. 

To a long extension of the period of 
palagonitization can also be referred the 
decomposition and hydration of the oli- 
vine phenocrysts. In the Icelandic tuffs 
palagonitization appears always to pre- 
cede attack on these phenocrysts. Palag- 
onitization surrounds the phenocrysts 
with an aqueous medium, which favors 
their alteration and is necessary for ser- 
pentinization. But, whereas the olivine 
was doubtless altered here, albitization 
of the basic plagioclase is more probably 
referred to deformation. That the altera- 
tion of the olivine is not later than the 
deformation is suggested by the fact that 
the chlorite of which they now consist, 
largely agrees in the orientation of its 
double refraction with that of the other 
chlorites of the lapilli. 


STAGE V. SHEARED AND ALBITIZED, ANALCITE- 
CEMENTED, AMYGDALOIDAL, CHLORITIC TUFI 
The deformation and the accompany- 
ing mineral changes (of palagonite into 
oriented chlorite, of basic feldspar into 
albite, and a small formation of epidote) 
that led to this stage have already been 
discussed.’° Probably they are part of 


39 See pp. 225-30. 





ALTERED PALAGONITE TUFFS AND THEIR CHLORITES 


the low-grade, dynamometamorphism 
accompanying the development of the 
Antillean chains, the climax of which has 
recently been referred to Pliocene time.** 
Had the grade of metamorphism been 
higher, the rock might have become a 
richly albitic chlorite schist, and its early 
stages of development would not have 
been decipherable. 

For much chlorite schist and albitic 
chlorite schist palagonitization followed 
by dynamometamorphism may well have 
been the essential stages, as suggested by 
this rock: by the first change a composi- 
tion, essentially of chlorite, was effected; 
by the second, purification, orientation, 
and the development of a new structure. 


STAGE VI. THE SAME, MODIFIED BY 
ALBITIZATION OF ANALCITE 


Still later than the Antillean orogeny 
and possibly at some elevation of tem- 


perature, albite grew at the expense of 
analcite, probably on albite nuclei in the 
lapilli. That this postdated the deforma- 
tion is indicated by the fact that the 
growth of albite is frequently bounded 
by the chlorite veins. 


DESCRIPTION OF THREE TUFFS AND A 
VOLCANIC CONGLOMERATE FROM THE 
GUY’S HILL ROAD SECTION, NORTH OF 
SPANISH TOWN, JAMAICA 
Except for the presence or quantity of 

zeolite, phenomena similar to those de- 

scribed above (KP 312) would seem to 
characterize numerous Jamaican vol- 
canics, and especially tuffs, as is indi- 
cated by the discovery of other tuffs and 
a volcanic conglomerate exhibiting much 


st Charles Schuchert, Historical Geology of the 
Antillean-Caribbean Region (New York: John Wiley 
& Sons, 1935), p. 37; A. C. Waters and H. D. Hed- 
berg, “The North American Cordillera and the 
Caribbean Region,” Regionale Geol. der Erde, Vol. 
III, Part IV A (1939), p. 40. 
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the same phenomena in a rock collection 
from a neighboring locality. 

This series of palagonitic rocks is of 
Upper Cretaceous age and comes from 
cuttings along the Guy’s Hill Road be- 
tween 22.2 and 22.4 miles north from 
Spanish Town. The section traverses an 
inlier of Cretaceous surrounded by Eo- 
cene rocks. The oldest rocks exposed 
(above the twentieth mile post) are an- 
desite lavas, with tuffs interbedded in the 
upper part. These are overlain by ashy 
limestone and tuffs, and immediately be- 
neath the first massive Cretaceous lime- 
stone and at about 22.2 miles is the pe- 
culiar deposit (GH 22). 


GH 22 


Labeled ‘“‘red clay”’ or “‘marl,’’ it is 
purple-chocolate in color and closely re- 
sembles a fine-textured sample of Etruria 
Marl from South Staffordshire. On the 
other hand, when broken down with am- 
monia water it yields very little clay; in- 
stead, angular fragments of all grades up 
to 5 millimeters form the bulk of the de- 
posit. All are deep red in color and are 
impregnated with ferric oxide (hematite 
or near it). 

When chemically cleared of iron, all 
the fragments are alike fine textured, 
soft, and whitish, and appear to belong to 
the same rock type; no limestone frag- 
ments or quartz occur. A section was ob- 
tained of about two dozen of these frag- 
ments afler removal of the iron (with 
SnCl, in HCl). All are found to have the 
same structure and texture—that of ve- 
sicular vitreous lava with more or less 
collapsed vesicles filled wholly or partly 
with a colorless transparent chlorite. 
Some are further filled with opal-like 
chalcedony (brown in transmitted, blue 

3? Matley and Raw, “A Road Section near 
Guy’s Hill, Jamaica,” Geol. Mag., Vol. LXXIX 
(1942), pp. 241-52. 
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in reflected, light). What represents the 
glass is partly obscured by very minute, 
highly refractive crystals, dark in trans- 
mitted, white in reflected, light. These 
are especially concentrated in the walls of 
the vesicles.s3 They are possibly referable 
to anatase but are too small for identifi- 
cation. All the material representing the 
original glass is otherwise colorless and 
transparent and is remarkable for exhib- 
iting about the same birefringence as the 
chtorite which fills the vesicles. Further, 
in each fragment the orientation of the 
double refraction is constant, the direc- 
tion of compression suggested by the 
rock texture being that of the fast ray. 
Crystalis and microlites are few, though 
their outlines can be recognized; and 
they, too, are replaced by a substance 
with low birefringence oriented like that 
representing the giass! Thus all the trans- 
parent material of a section is birefringent 
with the same orientation. 

These results were confirmed by the 
study of sections of the untreated rock, 
for, though because of the disintegrating 
action of water upon it the ordinary 
method of sectioning was impracticable, 
sections were obtained by dry grinding. 
Though much obscured by iron, these 
show that the chlorite in this is colorless 
and transparent, suggesting that there 
has been segregation of the iron into the 
matrix. They also display a uniformity 
of orientation of the chlorite throughout 
the whole section. 

The rock is therefore comparable with 
KP 312, though there are important dif- 
ferences between them. The only pheno- 
crysts here appear to have been olivine, 
so chilling may have occurred from a 
higher temperature. The product after 
glass is transparent, which fact suggests 
a smaller content of titania. The impreg- 
nation—with iron oxide instead of anal- 


33 Cf. above, p. 223. 


cite—does not hold within it the same 
suggestion of marine conditions. There 
is here no evidence of oriented shear: the 
effects, so far as they have been seen, 
might be due to shrinkage by solution 
under the stress of mere loading. 

The rock is best designated a “‘ier- 
ruginous palagonite tuff.”” Like KP 312, 
it probably indicates a subaquatic vol- 
canic eruption. 


GH 23 


Later than the volcanic tuffs, of which 
the last is a palagonitic example, and 
coming between the second and third 
Cretaceous limestone at about 22.3 
miles, there is a volcanic conglomerate, 
GH 23. 

The hand specimen is a compact con- 
glomerate, a ground surface of which 
shows rounded, fine-textured pebbles, 
ranging in size from 1 millimeter to 1 
centimeter and in color from drab and 
light-red to brown-black. In the speci- 
men and under the microscope none but 


igneous pebbles occur. 
In the microsection the pebbles are 


mainly andesite lavas with trachytic 
texture, but they range in character per- 
haps from andesite to basalt and from 
transparent to nearly opaque. Original- 
ly, they would range also from highly 
vitreous to holocrystalline and from 
highly vesicular to compact. In some the 
magnetite is altered to limonite, in others 
to (?) hematite; a few retain it unaltered. 
There is also a pebble of volcanic ash. 

The rock is now quite compact. Most- 
ly, the vesicles are filled with a homoge- 
neous chloritic substance which can be 
called ‘‘Chlorite I’’; but, when large, 
they often contain two successive de- 
posits, Chlorite I and Chlorite II (Fig. 
12). Chlorite I has differed greatly in its 
history from Chlorite II. Zeolites seem 
to be quite absent, and calcite, which fills 
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fissures, is limited to their neighborhood. 
The interstices between the well-rounded 
pebbles are filled with coarsely crystal- 
line chlorite, in plates lying normal to the 
pebble surfaces. This is identical in char- 
acter with the Chlorite IT of the vesicles; 
it is yellowish-brown in color and pleo- 
chroic, the fast ray across the cleavage 
having the less absorption; its birefrin- 
gence (ca. 0.014) is a little higher than 
that of Chlorite I; it has +ve elonga- 
tion and so is optically negative. It is re- 
garded as negative penninite, secondarily 
oxidized, which change has raised the 
birefringence (Fig. 12). 

The originally unstable, interstitial 
glass, abundant in many pebbles, has all 
been altered. The product is all in the 
condition of a transparent, birefringent, 
pleochroic substance, referable to a chlo- 
rite. In this it resembles that of KP 312, 
which was originally a sideromelane tuff. 
And, as was determined for that tuff, 


though only after close study, so also 
here, but much more clearly, it is seen 
that the substance secondary after glass 
and the Chlorite I within the vesicles 


have practically identical properties—the 
same apparent homogeneity, the same 
color, pleochroism, and _ birefringence 
(about 0.012, considerably higher than 
that of the associated oligoclase); and 
each has this double refraction uniformly 
oriented, the fast ray, for example, for 
each of them being uniformly in the same 
direction for large areas of the slide and 
for the most part throughout the rock 
slice. The color is pale greenish-brown; 
it is distinctly pleochroic, the absorption 
being greater for the slow ray, as also in 
Chlorite II. 

From the above it follows that in the 
trachytic-textured lavas of the slide three 
materials quite different in origin exhibit 
systematic orientation of their birefrin- 
gence: (1) the feldspar crystals arranged 
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by flow, (2) Chlorite I the first and often 
the sole filling of the vesicles, (3) the 
chloritic alteration product of the inter- 
stitial glass. 

The plagioclase feldspars in thin plates 
extended along the lateral p:nacoid have 
their narrow dimension coinciding very 
nearly with the axis of vibration for high- 
est refractive index—the slow ray—and 
therefore the direction of elongation is 
for the section that of its fast ray. 
Hence, if the crystals are laid parallel in 
flow, in a section across them they have 
uniform orientation for their double re- 
fraction. This orientation is common to 
all the pebbles which have the flow direc- 
tion in common. 

Since both Chlorite I in vesicles and 
the product after glass are optically 
alike, it is not always easy to discrimi- 
nate between them; but the vesicles are 
better bounded, sometimes contain Chlo- 
rite II within Chlorite I, and contain 
nothing else; whereas the residual glass 
areas show no tendency to be round, are 
weakly bounded but are often molded on 
feldspar crystals, show no trace of zon- 
ing, and usually contain other crystals. 

In several pebbles the vesicles are el- 
liptical in section; they have, then, a 
common direction for their elongation, 
which is also the direction of the slow ray 
in the Chlorite I which they contain. 
Thus the directions of extinction and the 
fast and slow ray do not revolve with the 
course of the periphery of the vesicle as is 
usual, and as is the case with an excep- 
tional pebble of greater resistance re- 
ferred to below. When, as often, the di- 
rection of elongation in the vesicles coin- 
cides with that of flow texture, the ori- 
entation of the birefringence in feldspar 
is opposed to that in Chlorite I. If the 
same rock contains also the product after 
glass, this agrees in character and orien- 
tation with Chiorite I. 
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But the direction of elongation of the 
vesicles, which carries with it the orienta- 
tion of birefringence, may make any 
angle up to go° with the flow texture; or 
the vesicles may be so irregular in shape 
that no systematic direction of elonga- 
tion is discernible, in which case there is 
still the systematic orientation of the 
optical properties. 

The original glass had varied in 
amount in the pebbles between two con- 
trasted modes of occurrence. On the one 
hand, we have isolated ‘“‘pools’’ of glass 
in an otherwise crystalline rock, and, on 
the other, the glass formed an all-pervad- 
ing matrix to the rock. In either case its 
alteration product, just like the Chlorite I 
of the vesicles, causes striking phenome- 
na in crossed nicols and especially on ad- 
dition of the sensitive tint, because it all 
alike has birefringence which is system- 
atically oriented and is so much higher 
than that of feldspar as to give a marked 
contrast in color. 

In KP 312, characters like these given 
above, as well as others, were very ob- 
viously related to the nature and direc- 
tion of the deformation to which the rock 
had been subjected. This, as was proved 
by study of the three principal planes at 
right angles, involved considerable shear. 
Here, however, there is little evidence of 
deformation and none of shear; but both 
the product after glass and the amyg- 
dales of Chlorite I have to a large extent 
in the section a uniform orientation of 
their length and breadth, the length 
being, besides, the oscillation direction of 
the slow, and the breadth that of the 
fast, ray in them; and in any case they 
have this uniform optical orientation. So 
the effects strongly suggest that the 
cause of the phenomena is to be sought in 
stress. In the absence, however, of effects 
of shearing, one may consider whether 
mere loading would not suffice. And it 
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may be useful if a theory is framed and 
offered for criticism. 

The most important factor would 
seem to be the physical and chemical 
character of so much of the material 
the relatively basic glass content of so 
many of the pebbles and their highly 
vesicular nature. The glass possessed an 
inherent instability, which under the pre- 
vailing conditions led to the immediate 
factor of greatest consequence—the ex- 
tremely low resistance against deforming 
stress of two substances very abundant 
in the rock. Before this conglomerate 
was aggregated, the vesicles were already 
filled with the chloritic substance, prob- 
ably chlorophaeite, which was to become 
Chlorite I, for had this change not pre- 
ceded the aggregation, the interstitial 
spaces, too, would be filled with Chlorite 
I instead of Chlorite II. Following the 
aggregation, palagonitization of the glass 
in the pebbles would be completed by the 
action of interstitial water. Both these 
newly formed substances— ‘‘chlorophae- 
ite’ and palagonite—were unordered, 
highly hydrous, impure, chloritic aggre- 
gates (as indicated by microscopic char- 
acters and what is known of their com- 
positions), with a hardness less than 1, 
and therefore of great weakness. The 
conglomerate, therefore, by reason of the 
large proportion of weak pebbles could 
yield as a whole under load or other 
stress, though somewhat irregularly be- 
cause of the varying resistance of the 
pebbles—-the holocrystalline rocks, in- 
deed, not yielding at all. 

During the compression of the rock all 
cavities were perhaps full of water under 
pressure. As settlement proceeded slow- 
ly, at the rate at which water and the 
material in it (dissolved under the exist- 
ing pressure) could be removed from 
both the palagonite and the chloro- 
phaeite through the pebbles, these chlo- 
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ritic aggregates were purified, only the 
insoluble chlorite being left; and favored 
by the stress conditions they recrystal- 
lized into Chlorite I, in the place both of 
the palagonite and the ‘“‘chlorophaeite.”’ 
Crystallizing under stress they were uni- 
formly oriented, as indicated by the uni- 
form orientation of their birefringence, 
except in so far as variation in the re- 
sistance of the pebbles modified the di- 
rection of the stress. With the crystalli- 
zation of Chlorite I the pebbles gained so 
greatly in resistance that deformation 
ceased ; thereafter Chlorite II grew in the 
remaining spaces, namely, the inter- 
spaces between the pebbles and the cen- 
ters of those large vesicles which, be- 
cause of the resistance of the containing 
rock, had not collapsed. The habit of this 
Chlorite II (like the fibers of chalcedony 
in an agate) suggests that it grew in free 
spaces occupied by solution. 

The change of composition from rela- 
tively basic glass to chlorite is what can 
be expected from water action away from 
air; and the longer the palagonite is sub- 
jected to this action, the purer in chlorite 
composition is it likely to be, chlorite 
being stable under such conditions. 

Its crystallization in place of palago- 
nite can be seen in several sections of 
Icelandic palagonite tuffs of glacial age 
and also in those of pre-Cambrian age 
from Pontesbury Hill, Salop. In some of 
the latter, indeed, to a large extent it is 
systematically oriented. 

It should be noted that the direction 
of compression which has affected Chlo- 
rite I, both that in the vesicles and that 
after the glass, is that of the fast ray and 
agrees therefore with the character of 
strain in colloids under compressive 
stress. Some may accordingly claim that 
a much simpler interpretation is to re- 
gard the properties of Chlorite I as mere- 
ly the effects of strain in the colloids then 
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present—hydrated glass and “chloro- 
phaeite.”’ Against this view are the facts 
of its agreement in all optical properties 
with chlorite, and the very high measure 
of its double refraction, difficult to im- 
agine as retained by a solid so stressed 
and under the conditions that ensued. 
For, after the full development of Chlo- 
rite I, there grew, in all the free spaces, - 
Chlorite II; and it has been stable ap- 
parently ever since, until the present 
epoch of weathering. If Chlorite I were a 
colloid of the composition of chlorite and 
under strain, would it not have gained 
stability by crystallizing at the same 
time as Chlorite II? 

Phenomena similar to those detailed 
above have now been noted in six pyro- 
clastic rocks from Jamaica, and it would 
be interesting to know if they have been 
recorded from other districts. If the in- 
terpretations be correct, the rocks sug- 
gest the evolution of a mineral, a high- 
grade chlorite, from basaltic and andesitlic 
glass, and the evolution of the same also 
the low-grade chloritic substance 
which is deposited as the first layer on 
the surfaces and in the vesicles reached 
by cracks in sideromelane or other glassy, 
relatively basic lava and especially in 
tuffs of these. For this chloritic sub- 
stance the term “‘chlorophaeite”’ has been 
used above. 

But interesting relations between 
Chlorite I and Chlorite II are suggested 
by some of the pebbles. In so heteroge- 
neous a rock it would be surprising if 
there were no exceptions to the generali- 
zations previously given. Indeed, consid- 
ering the conditions to which the rock 
has been subjected, it is surprising that 
so few exceptions occur. Ifa traverse is 
made along the middle of the slice, only 
two pebbles in ten depart far from the 
mean optic orientation, and in each case 
mechanical breaks help to explain the 
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departure. Exceptions can be attributed 
(1) to the variety of the rocks repre- 
sented, (2) to the fact that there was no 
sand to fill up the interstices between the 
pebbles, and (3) to a late deformation of 
the rock, which caused shattering and 
dislocation, with very abundant veining 
by calcite. 
- At one end of the section is a pebble 
with a largely opaque (limonitic and 
crystalline) matrix containing plagio- 
clase phenocrysts and vesicles presenting 
both circular and large irregular outlines. 
The smaller vesicles are filled with an ap- 
parently structureless chloritic material 
Chlorite I. The larger within this show 
also coarsely crystalline chlorite, roughly 
radial in disposition of the plates—Chlo- 
rite II. In these vesicles the radial direc- 
tion in Chlorite I is the fast ray, but in 
Chlorite II it is the slow. But where 
Chlorite I fills a vesicle the direction of 
compression in the rock is its fast ray! It 
is as if Chlorite I, filling the small vesi- 
cles, obeyed the stress call, but not so the 
same substance lining the large vesicles 
still containing solution. The large vesi- 
cles thus give an indication of the original 
disposition of Chlorite I. But, though 
differing in the disposition of their double 
refraction, the two chlorites are about 
the same in color; and in each case the 
slow ray—radial in Chlorite II, concen- 
tric in Chlorite I—is that of greatest ab- 
sorption, suggesting that they may be 
identical in pleochroism; both, too (for 
chlorite), have high double refraction, 
though that of Chlorite II is a little the 
higher; and, though Chlorite I is rela- 
tively structureless, there is some con- 
centric striation, and a few cracks run 
around the vesicle through it. Hence the 
idea suggests itself that Chlorite I and 
Chlorite IIT are closely related; that they 
have the same optical sign and differ only 
in position; and that Chlorite I, the first 





to form, has its vertical axis, c, radial in the 
vesicle, whereas Chlorite II has the same 
axis roughly parallel to the boundary. 
The relatively homogeneous character of 
Chlorite I and the coarsely crystalline 
character of Chlorite II can be referred 
to different rates of deposit, the chief 
causative factor being, perhaps, temper- 
ature, Chlorite I being that of a higher 
temperature. This and other physical 
factors might well determine also the dis- 
position ot the crystals—on the base 
(Chlorite I) or on the faces transverse to 
this (Chlorite II). Crystallization on the 
base would lead to a more uniform prod- 
uct than that on other faces, variously 
inclined as these are to the base: the lat- 
ter would favor the sheaflike character of 
Chlorite II. If the above interpretation 
is correct, an important feature in which 
the history of this rock differed from that 
of KP 312 is that it was not compact be- 
fore it was stressed. 


P 357 

P 357 also is from the Upper Creta- 
ceous volcanics of the Guy’s Hill section 
but is not more exactly localized. This is 
a fine-textured, olive-green tuff with fine 
calcite veins. It exhibits fine-scale sphe- 
roidal jointing and breaks down in water. 
The ordinary method of sectioning there- 
fore fails, but a thin section was obtained 
by dry grinding. 

In crossed nicols, with the sensitive tint, 
it exhibits the same phenomenon as the 
other rocks here described: every part 
of the slide on rotation changes in domi- 
nant effect from first-order colors to second- 
order colors; and this is found to be 
due to the areas of a rather homoge- 
neous greenish-brown substance. Both 
compact and vesicular shards are pres- 
ent: all are porphyritic. A vesicular 
shard contains several vesicles and a 
crystal of feldspar in a matrix of chlorite 
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with microlites. The vesicles are filled 
successively with homogeneous ‘“‘Chlo- 
rite I” and with ‘“‘Chlorite II,” showing 
a faint suggestion of radial structure. 
They have about the same birefringence, 
but Chlorite I has its fast ray normal to 
the surface, whereas Chlorite II has the 
opposite spatial orientation. The ground- 
mass, originally glass, has double refrac- 
tion about the same as that of Chlorites I 
and II; and throughout the fragment has 
the same uniform orientation as that of 
the other shards throughout the rock. It 
is interpreted as chlorite after glass. Its 
fast ray coincides with the direction of 
compression in the rock suggested by the 
structure, and it is slightly pleochroic, 
the fast ray being that of greater absorp- 
tion. In this rock, therefore, the charac- 
ters of Chlorite I, Chlorite II, and of the 
chlorite after glass agree with those of 
their counterparts in the last rock de- 
scribed, GH 23. 

After a short break which may possibly con- 
ceal an unconformity or a fault coarse basic 
tuffs that weather spheroidally are seen, GH 16 
and GH 17, and it is possible that pillow lavas 
are present among them. These basic pyro- 
clastic rocks are associated with some poorly 
exposed sediments.34 


GH 16 


One of these, GH 16, has been sectioned 
and is found to be palagonitic. It is an 
example of the higher, somewhat more 
basic tuffs—comes from 22.4 miles, above 
the horizon of the Cretaceous limestones, 
and so may be of Eocene age. It is a 
course, chloritic volcanic tuff of both 
“vitreous” (now chloritic) and crystalline 
fragments. Both types of lapilli show 
abundant flow texture. They are of a 
more basic character than the rocks pre- 
viously described, but the petrology does 
not suggest a different igneous series. 


34 Matley and Raw, op. cit., p. 246. 
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Abundant ore grains, both small and 
large in different fragments, appear to be 
magnetite. Cavities are filled with opti- 
cally negative chlorite of rather high 
birefringence, perhaps —ve penninite al- 
tered by oxidation. 

Many of the lapilli appear from their 
characters to have been originally vitre- 
ous andesite. These are mostly without 
vesicles, containing only laths of feldspar 
and microlites. Their abundant matrix 
has a refractive index just greater than 
that of balsam and is doubly refractive, 
the birefringence reaching and even sur- 
passing that of the feldspar. In color it is 
pale green, clouded with opaque brown, 
and it is pleochroic, the slow ray being 
that of greater absorption. Usually the 
orientation of the birefringence in it is 
constant within a lapillus; and, where the 
rock fragment shows flow structure, the 
orientation in it is usually nearly the op- 
posite from that in the feldspar, the di- 
rection of flow being, then, for the matrix 
the slow ray, whereas for the feldspar it 
is the fast. There is, however, much vari- 
ation in the relation between the two. 
Not infrequently, too, there are two defi- 
nite directions for the same ray inthe 
matrix of a fragment, irregular wavy 
bands with one direction occurring with- 
in a ground of the other. Most probably 
the effects are to be attributed to stress 
in different directions at different times. 
The characters suggest that this matrix 
is crystalline and chloritic, as is argued 
for the other rocks described above. But 
it is hydrated throughout, and a prece- 
dent condition was doubtless “palago- 
nite,’ using this term in a wide sense for 
palagonitized glass. Once a glassy tuff, it 
became palagonitic and is now chloritic. 

As detailed above, four clastic volcanic 
rocks from the road section of Guy’s Hill, 
north of Spanish Town, confirm and ex- 
tend the conclusions reached from the 
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study of that from the road section near Jn some cases the two deposits of chlorite in 
Limerick Mountain, north of Kingston. the vesicles agree closely in optical proper- 
In each district we have submarine vitric ties, but they appear to differ in position, 
tufis—-Eocene and basaltic near Limerick the vertical crystallographic axis (c) seem- 
Mountain, Cretaceous and andesitic in jpg to be radial in the first and peripheral 
the Guy’s Hill section; and im each case jy the second. 

the glass is represented by chlorite and is 


accom panied also by wo successive gen- SUMMARY 
erations of this mineral in the vesicles. The 
chlorite after glass agrees closely in proper- lhe deduced stages of development of 


ties and in orientation with the first deposit the rock first described will summarize 
of chlorite in the vesicles; both have their most of the paper, and they are here tab- 
present orientation determined by stress. ulated. 


STAGES OF DEVELOPMENT OF A PECULIAR CHLORITE-ANALCITE VOLCANIC TUFF, KP 312 


Geologic Events 

Submarine volcanic 

eruption: Lower 
Eocene 


Local culmination of 


Antillean orogenesis; 


Pliocene 


? Thermal action or 
pressure or both 


iS) 


uf w 


. Decomposition and hydration of olivine 


8. 


a. 


Development Stagest | Resulting Rocks 


. Deposition of coarse, vesicular, sideromelane lapilli; | Incoherent, marine, 


without dust, but containing a few terrestrial, ferrugi- vesicular siderome- 
nous lava fragments lane tuff 

. Slight deposition of ferric (oxide or) hydrate (now 
hematite) 

. Coating of fragments and filling or lining of vesicles, | Extremely porous, 
with chlorite; commencement of slow palagonitization of amygdaloidal, side 
sideromelane |  romelane tuff 

. Deposition of ferric (oxide or) hydrate (now hematite) 

. Filling of all remaining space in and between the side- | Compact, analcite- 
romelane shards with analcite carrying a little ferric cemented siderome- 
(oxide or) hydrate lane (and _palago- 

nite) tuff 

. Completion of palagonitization of sideromelane (con- | Analcite-cemented 
trolled by constancy of volume), separation of finely | _ palagonite tuff 


divided ?anatase 


Deformation of the tuff concentrated in the palagoni- | Sheared and albitized, 
tized shards, embracing: | analcite-cemented 
a) Continuous deformation of the palagonite and chlo- chloritic tuff 

rite, with loss from each: concomitant crystalliza- | 

tion of the palagonite into uniformly oriented chlo- | 

rite, in harmony with that of the flattened vesicles; 

with regrowth of ?anatase and hematite; albitiza- 

tion of the basic plagioclase of the shards 
Cracking and dragging apart of the analcite, with 
concomitant growth of chlorite (and a little hema- 
tite) in all cracks 
Redistribution of ferric oxide and spreading of | 
hematite along the shear surfaces 


b 


~ 


wa 


c 


. Postdeformation growth of albite after analcite (prob- | The same, modified 


ably extensions of the albite crystals in the shards) by some _albitiza- 
tion of analcite 


* Collected by Dr C. A. Matley from the top of the Purple conglomerate or Wagwater group, referred to Lower Eocene. Locality 
near Newcastle, Jamaica, on Buff Bay Road, at 23} miles from Kingston. 


t Stages 1-5 were probably rapid; Stages 6 and 7, slow; Stage 8, rapid; and Stage 9, slow. 
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The rock’s special interest arises from 
the detail in which it exhibits its history 
and from the instructive comparisons 
which it offers with palagonite tuffs from 
the Pacific and from Iceland. 

The extensive range of its determin- 
able development is attributable mainly 
to three factors: first, the inherent in- 
stability of sideromelane; second, the ex- 
treme weakness of palagonite with a 
hardness (in its natural subterranean 
condition) well below 1 of Mohs’s scale; 
and, third, the very low grade of dyna- 
mometamorphism. The first extends 
over Stages 1-6: the other two conspire 
to give us the complicated Stage 8 with- 
out obliterating the earlier stages, and 
this notwithstanding that surrounding 
rocks exhibit little deformation. 

The rock appears to be unique among 
described tuffs by reason of the high pro- 
portion of analcite, which, despite some 
subsequent alteration to albite, still con- 
stitutes 43 per cent of the rock. This 
mineral is here attributed mainly to re- 
action between the salt of the sea and 
silicates, especially volcanic dust under 
moderate volcanic heat. The rock is of 
interest also in that it suggests a mode of 
origin for chlorite schist and especially 
for albitic chlorite schist. For these 
palagonitization may very often have 
been an essential stage. 

Study of this and of palagonite tuffs 
indicates that palagonitization involves 
the formation of chlorite from basic vol- 
canic glass; and that deformation, when 
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it occurs, involves a further evolution of 
this chlorite, as well as of the chloritic 
substance forming the first deposits in 
the vesicles, from a low to a high grade, 
the two at the same time converging un- 
til they are practically identical in optical 
character and so also probably in chemi- 
cal composition. 

That this is the case is strongly sup- 
ported by the characters of several other 
Jamaican pyroclastic rocks, originally 
largely vitreous. For in these the sub- 
stance after glass is transparent and 
hence exhibits quite clearly its optical 
properties; and in two of them three 
chlorites—‘‘Chlorites I and II” in the 
vesicles and the chlorite after glass- 
originating in the rock at different times, 
are closely similar in their optical prop- 
erties, though Chlorite II, it is suggested, 
differs from the others in its crystalline 
orientation. 
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FRICTION CRACKS AND THE DIRECTION 


OF GLACIAL MOVEMENT 


STANLEY E. HARRIS, JR. 
Iowa Geological Survey 


ABSTRACT 
This is a study of glacial crescentic markings, attempting to establish a correlation between the orienta- 


tion of these features and the direction of ice movement. The principal crescentic marks are reviewed. It is 
observed that the fracture of these features dips forward in the direction of the ice movement and hence may 


be a usable criterion in determining the direction of ice movement. The term “friction crack’ 


’ is suggested 


for glacial crescentic markings which possess this feature. 


INTRODUCTION 

Glacial crescentic markings have been 
described in detail by T. C. Chamberlin,’ 
G. K. Gilbert,? and F. H. Lahee.’ Five or 
six types are described and differentiated, 
though no especial effort is made to re- 
late their orientations to the direction of 
ice movement. Figures 1 and 3 illustrate 
some of these types and one other ob- 
served by the writer. Unfortunately, 
subsequent workers failed to differentiate 
between the markings, and the term 
“chattermark”’ has come to include all 
glacial crescentic marks, even though 
chattermark is the term applied by the 
early workers to one specific type of 
mark. The oft-heard statement that 
chattermarks point the direction of ice 
movement is true in the strict sense but 
not in the loose sense of general usage. 
The difficulties which arose from the 
abuse of the term are obvious on exami- 
nation of the several crescentic mark- 
ings; the horns of different types point in 
opposite directions. Therefore a criterion 

*“The Rock Scorings of the Great Ice Inva- 
sions,” U.S. Geol. Surv. 7th Ann. Rept. (1885), pp. 
218-24. 


2“Crescentic Gouges on Glaciated Surfaces,” 
Bull. Geol. Soc. 
106. 

3 “Crescentic Fractures of Glacial Origin,” A mer. 
Jour. Sci., 


Amer., Vol. XVII (1906), pp. 303- 


Vol. XXXIII (4th ser., 1912), pp. 41-44. 
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other than the orientation of the horns 

-was sought which would make glacial 
crescentic marks more useful in determin- 
ing the direction of ice movement. Some 
simple experiments suggested that the 
forward dip of the principal fractures of 
certain of the crescentic marks might be 
diagnostic. Literature and field work 
showed not only that such marks are 
common on glaciated rock surfaces but 
that the dip of the fracture is a reliable 
criterion; the horns alone are not. 

A new term distinct from the names of 
crescentic markings is desirable in order 
to avoid more confusion. ‘Friction 
crack” has been chosen because the frac- 
ture (crack) was formed by a local in- 
crease in friction between the overriding 
ice and the bedrock. 


FRICTION CRACKS 


Friction cracks were observed on near- 
ly every glaciated bedrock surface ex- 
amined during the course of the study. 
Generally they occur in series with the 
axis parallel to striae and the direction of 
ice movement, but the individual cracks 
(fractures) are oriented at right angles to 
striae (Figs. 1 and 3). Friction cracks are 
generally deeper than striae and hence 
outlast the latter. They occur in many 
places where weathering has completely 
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obliterated the striae—heretofore the 
most commonly used criterion to deter- 
mine the direction of ice movement. 
Friction cracks do not have one simple 
form but are those glacial crescentic 
markings which possess a distinct frac- 
ture which dips forward into the rock. 
The two most common crescentic mark- 
ings—the crescentic gouge and crescentic 
fracture—possess this fracture and hence 
are friction cracks by definition. These 
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Terminating against it is a ragged, nearly 
vertical fracture. This secondary frac- 
ture is concave backward and gives the 
backward-pointing orientation of the 
horns of the feature (Fig. 1, right). 

The principal fracture is the friction 
crack. Its exposed surface allows easy 
identification of the direction of dip of 
the fracture. 

Crescentic gouges occur in rows. The 
number of fractures per row is generally 








Fic. 1.—Diagrammatic representation of (right) crescentic gouge and (/eft) lunate fracture showing the 
horns pointing in opposite directions but the fracture dipping in the direction of movement of the ice in 


both cases. 


features have been observed on all rock 
types: quartzite, limestone, diabase, 
shales (even badly fractured shales), 
coarse sandstone, and coarse-grained 
granite. Crescentic gouges are more com- 
mon on certain rocks, crescentic frac- 
tures on others. However, differentiation 
of the crescentic markings is not neces- 
sary if the direction of dip of the fracture 
can be determined. 


DESCRIPTION AND ORIGIN 


The crescentic gouge is the result of two 
fractures. The principal fracture dips 
forward obliquely at a low angle, produc- 
ing a smooth surface, convex upward. 





less than is the case in rows of crescentic 
fractures; indeed, a single crescentic 
gouge not directly associated with others 
is not uncommon. A single crescentic 
gouge is oriented transverse to the direc- 
tion of ice movement, but the axis of a 
series is parallel to it. There is consider- 
able variation in size from less than an 
inch to more than 6 feet between the 
horns, although gouges more than a foot 
across do not appear to be common. Gil- 
bert? reports that in some rows the 
gouges are progressively larger. General- 
ly, however, gouges are of uniform size in 
a given series. The shape of the crescen- 
4 Op. cit., p. 305. 





tic gouge varies considerably. A truly 
crescentic shape is rarely observed, for 
the shape depends on the way the frag- 
ment breaks out. The gouge sometimes 
appears as a double crescent. Crescentic 
gouges occur on all types of rock but are 
best developed on brittle rocks. Some 
types on which these glacial markings 
have been found are: massive sandstone 
(T. C. Chamberlin, the writer); granite 
(Gilbert); shale (the writer); limestone 
(the writer); quartzite (Lahee, the writ- 
er). Topographically they are most abun- 
dant near the crests of hills on the stoss 
side. 

Gilbert’s theory’ to explain the origin 
of crescentic gouges has been uncontested 
since it was presented in 1906. It is based 
on the conoid of percussion and the con- 
choidal fracture obtained by applied pres- 
sure on substances such as obsidian or 
flint. Figure 2 illustrates three types of 
conchoidal fracture: A is a percussion 
cone obtained by a vertical blow on glass; 
B illustrates the conchoidal fracture pro- 
duced by applied pressure; C shows the 
fracture which might be expected if pres- 
sure were exerted obliquely. 

Ice moving over bedrock would exert 
a force oblique to the surface as shown in 
C. Differential friction and _ pressure 
necessary to the formation of crescentic 
gouges would be produced by a boulder 
held in the bottom of the ice, since it 
would concentrate pressure on the place 
where it made contact with the bedrock. 
Direct contact with the bedrock would 
produce grooves not generally found as- 
sociated with crescentic gouges; but di- 
rect contact is not necessary to the forma- 
tion of fractures. Gilbert’s hypothesis is 
that a boulder is pressed into the rock by 
the weight of ice, and because of the 
rock’s elasticity a ridge is bowed up 
around the point of concentrated pres- 


5 Ibid., pp. 307-11. 
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sure (Fig. 2). The moving ice continues 
to force the boulder forward and down- 
ward until finally the elastic limit of the 
rock is reached and fracturing occurs in 
front of the boulder. This fracture should 
be conchoidal and asymmetrical forward, 
as is actually the case in the crescentic 
gouge. The wedge of rock formed by the 
fracture is then caught and broken off by 
the ice or boulder, leaving the crescentic 
gouge. The deepest depression in the 
crescentic gouge is found at the center, 
where the fracture is greatest. Rhythmic 
repetition of these conditions produces a 
series of gouges. 

Lunoid furrows were described by 
C. T. Jackson, G. L. Vose, C. H. Hitch- 
cock, and A. S. Packard, Jr., in New 
England. Packard? in 1868 said they are 
“crescentic-shaped depressions in the 
rock with the concavity toward the 
north” occurring in series of four or five. 
Their origin is ascribed to the gouging 
effect of boulders held in the bottom of 
the ice as it moved forward and then con- 
tracted. T. C. Chamberlin noted that 
Dr. Packard’s hypothesis of their origin 
is based on a misapprehension of glacial 
movement.’ It seems probable, as Gil- 
bert® says, that lunoid furrows are iden- 
tical with the crescentic gouge. 

The ‘“‘jagged groove”’ of Chamberlin is 
a groove with relatively large fractures 
running transversely across it at inter- 
vals as shown in the upper diagram of 
Figure 3. The fractures extend beyond 
the walls of the groove and have all the 
characteristics of a series of crescentic 
gouges except for the groove extending 
along the axis. The surface of the princi- 
pal fracture is well exposed and dips 
obliquely forward as in all other friction 

6 “Tce Marks and Ancient Glaciers in the White 
Mountains,” A mer. Naturalist, Vol. I (1868), p. 256. 

7 Op. cit., p. 223. 

8 Op. cit., p. 314. 
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cracks. Its characteristics are very dif- 
ferent from those of the true chatter- 
marks described on page 250, though the 
two might possibly be confused. 
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tion of ice movement and has a smooth, 
rounded surface, convex side upward. In 
this case, however, the fragment has been 
broken out in such a manner that the 


A B 





omneesienaieioe 






































al rT) 
LULL il Wu , 





ve Mn 








Fic. 2.—U pper, types of conoidal fractures produced in brittle rocks (after Gilbert). Lower, ridge bowed 
up in bedrock in front of a boulder held in the base of a moving glacier. 


Lunate fractures (Fig. 1, left) are a 
third type of friction crack. This mark 
is very similar in appearance to the cres- 
centic gouge. It has not been described 
before in the literature but was twice ob- 
served by the writer in the field. As in 
the crescentic gouge, the principal frac- 
ture dips obliquely forward in the direc- 





vertical fracture is concave forward in- 
stead of convex forward; the horns thus 
point in the direction of ice movement 
the exact opposite from the crescentic 
gouge. 

These crescentic markings have been 
found by the writer on sandstone and 
shale closely associated with crescentic 
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Fic. 3.—Three crescentic markings: upper diagrammatic representation, jagged groove similar to a series 
of crescentic gouges but with a groove down the axis; middle, the crescentic fracture is one of the most com- 
mon friction cracks, but no chip has been removed from this marking whose horns point forward; lower, the 
chattermark commonly is not crescentic and has no principal fracture, hence is not a friction crack. 

















gouges. It seems likely that their mode 
of origin is similar to that of crescentic 
gouges. In this case the fragment simply 
broke out in such a way as to leave a 
secondary fracture curved concavely 
forward rather than convexly forward. 

Crescentic fractures, called ‘‘crescentic 
cracks”’ by some authors, are superficial 
curved fractures. The fracture is trans- 
verse to the striae and concave forward, 
that is, the horns point in the direction of 
ice movement—the exact opposite from 
the orientation of the horns of the cres- 
centic gouge. They generally occur in 
rows of a few score paralleling the striae. 
The length of the individual fractures 
varies from less than an inch to about 7 
inches from tip to tip. Variation in size is 
common in a single row, but as a rule 
they center along a common axis or even 
a groove, although this is by no means 
always the case. At the extremities of the 
larger fractures there is commonly a small 
fracture just to the rear (Fig. 3, middle 
diagram). The shape of the fractures is 
hyperbolic rather than truly crescentic. 

The fracture (this is the friction crack) 
dips forward at an angle of 60°—80° and 
extends downward from ;', to 1 inch; gen- 
erally it is about } inch deep. Near the 
axis the fracture is clear cut and passes 
directly through the grains of the rock; 
toward the extremities, both horizontally 
and vertically, the fracture tends to 
wander between the clasts or crystals. In 
crescentic fractures there is but one frac- 
ture; no chip has been removed? as in the 
case of the crescentic gouge. This fact 
often makes the determination of the di- 
rection of the dip of the fracture some- 
what difficult. A piece of paper may be 
inserted in the crack in some cases, or a 
light-colored halo within the concavity, 


9 Rarely a chip has been removed to expose the 
fracture surface. See p. 254. 
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especially in quartzite, may indicate the 
direction of dip. 

This type of fracture has been found 
on many kinds of rock: quartzite (La- 
hee, Winchell, the writer); granite (An- 
drews, the writer); limestone (Chamber- 
lin); shale (the writer); diabase (the 
writer). Crescentic markings are best de- 
veloped in hard, brittle rocks. Quartzite 
appears to take and retain these marks 
better than any other rock in which they 
have been observed by the writer. Cres- 
centic fractures occur most commonly 
on the stoss side of a hill, especially near 
the crest, but are not uncommon on the 
lee slope. 

Gilbert’® suggests that crescentic frac- 
tures are the result of local increase in 
friction between the overriding ice and 
the bedrock. The moving glacier would 
tend to pull the bedrock with it, so that 
any point of greater friction would be 
moved forward in respect to the surround- 
ing rock. When the tensile strength of 
the rock is exceeded, a tension fracture 
results. 

The rock is subjected to both com- 
pressional and tensional forces, as shown 
diagrammatically in Figure 4. Since 
rock fails more readily under tension 
than under compression, a tension frac- 
ture will result. The rhythmic building- 
up of stress to the point of relief by frac- 
ture produces the series of fractures char- 
acteristic of this type of marking. 

It was Gilbert’s belief that stones, or 
even a pocket of sand held in the bottom 
of the ice, would produce the necessary 
local increase in friction. Actual contact 
between the agent and the rock surface 
is not requisite. This would explain the 
lack of striae down the axis of a row of 
fractures. Lahee™ made a more compre- 


10 Op. cit., pp. 307-8. 


11 Op. cit., pp. 41-44. 
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hensive study of crescentic fractures 
than did Gilbert. He agrees that tension 
was the disruptive force and that contact 
between the agent and the rock surface is 
unnecessary to the formation of the frac- 
ture. He disagrees, however, over the 
character of the tool which produced the 
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3. Striae or grooves are frequently in intimate 
association with a series of fractures. 

4. The curved fractures are hyperbolic, showing 
a local concentration of force. 


Chattermarks are chipped-out depres- 
sions ordinarily occurring at regular in- 


tervals within a groove (Fig. 3, lower 
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Fic. 4.—Diagrams representing the forces which produce crescentic fractures: upper, plan; lower, cross 


section. 
fractures. He believes it to have been 
pointed rather than simply a pocket of 
sand. His reasons are, briefly, the follow- 
ing :? 


1. The number of fractures increases toward the 
axis. 

2. The fractures are most sharp at the axis, less 
so at the extremities where they tend to 
wander between clasts. 


12 Tbid., p. 43. 





diagram). There is no true fracture, as in 
the crescentic fracture, but simply a for- 
ward and a backward slope. There seems 
to be a general tendency toward a cres- 
centic shape with the horns pointing 
forward, but frequently the marks are 
oval-shaped. Where chattermarks are 
found they always occur within large 
striae or grooves, and their size is usually 
limited by the width of the groove in 
which they appear. 
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The origin of these depressions is much 
the same as that of the chattermarks 
familiar to machinists. A stone or a boul- 
der held in the bottom of the moving ice 
plowed a furrow in the bedrock. When 
the elastic limit of the rock was exceeded, 
shattering resulted. Any roughness or 
differences in hardness of the surface 
would intensify this shattering effect. 
Vibration caused by the proper relation- 
ship between speed of movement and 
pressure exerted, plus the elasticity of 
the bedrock and the glacier, would result 
in rhythmic formation of chatters. This 
vibratory motion might be compared 
with the familiar phenomenon produced 
when chalk is run across a blackboard to 
produce chattering. 

Chattermarks are generally found in 
brittle rocks such as limestone, granite, 
massive sandstone, or diabase. None has 
been reported on shale. Like other glacial 
scorings, they are most common on the 
stoss side of hills but are also found on the 
lee side. 

Chattermarks are not friction cracks, 
since they do not possess a usable frac- 
ture. 

EXPERIMENTS 

Certain simple experiments were car- 
ried out with the hope of reproducing 
crescentic markings, of determining their 
mode of origin, and especially of finding 
some general criterion for their use in de- 
termining the direction of glacial move- 
ment. 

In none of the experiments was there 
any attempt to reproduce conditions to 
scale in considering such factors as time, 
pressure, hardness, and character of ma- 
terial and tool. The idea was simply to 
produce crescentic markings on various 
substances and to study their characteris- 
tics and mode of formation. 

As Gilbert mentioned using gelatin in 
his study of crescentic gouges, this sub- 
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stance was first tried. All efforts to re- 
produce ‘‘crescentic gouges’’"? were un- 
successful. The elasticity of the gelatin 
was such that the material failed under 
tension and produced “‘crescentic frac- 
tures” instead of ‘‘crescentic gouges.” 
The size of the “crescentic fractures’’ 
depended on the area of contact between 
the tool and the surface; the greater the 
surface of contact the larger the fracture. 
As Lahee had found at Northey Hill," 
these crescentic fractures were really hy- 
perbolic rather than crescentic in shape. 
The dip of the fractures was invariably 
forward, that is, in the direction of move- 
ment of the agent. There appeared to be 
very little difference in results whether 
the tool was pointed or blunt, except that 
a sharper instrument tended to dig into 
the surface and disrupt the gelatin. The 
character of the gelatin is certainly very 
different from rock, yet the form of these 
“crescentic fractures’? compares favor- 
ably with any of those described in the 
literature or observed in the field. 

It was found that chattermarks can be 
made on many substances, such as par- 
affin, wax, wood, tar, metals, and even 
blotting paper. The tools can be as 
varied in size, shape, and hardness. 
Chattermarks are deeper gouges made 
within striae or grooves. They are a vi- 
bratory phenomenon and occur when the 
speed and applied pressure are properly 
adjusted. Chatters can be produced on 
smooth surfaces, but any roughness, un- 
evenness of texture, or differences in 
hardness will intensify the chattering. 
The size of the marks is determined by 
the width of the groove in which they 
occur. Their shape is partly dependent 
on the shape of the instrument, partly on 


‘ 


3 In this paper, markings produced in the labora- 
tory which resemble those seen on glaciated surfaces 
are enclosed in quotation marks. 


14 Op. cit., p. 42. 
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the speed of movement and the degree of 
pressure exerted. There seems to be a 
general tendency toward a crescentic 
shape with the horns pointing forward, 
but in some cases the features are oval or 
irregular. There is no fracture—hence it 
is not a friction crack—in this mark as 
there is in the crescentic gouge and cres- 
centic fracture. Rather there are two 
“slopes.”” Most commonly the forward 
slope is less steep than the backward 
slope. ‘These features are shown especial- 
ly well in paraffin, and almost any in- 
strument which is not too sharp may be 
used for a tool. This substance, however, 
is not brittle enough to form either cres- 
centic gouges or crescentic fractures. 

In the formation of crescentic fractures 
the most successful results were obtained 
in glass. The instruments used were a 
knife, a file, and a wrought-iron nail. 
Quartz was found to be too hard a tool, 
and it merely scratched; while soft ma- 
terials left no mark at all. The tools had 
to be somewhat pointed; blunt instru- 
ments were quite ineffective, though a 
greater pressure might have produced 
fractures. 

A file or knife pushed across glass with 
sufficient pressure produced “‘crescentic 
fractures.” These were always small 
(about ,', inch across) and curved, with 
the horns pointing in the direction of 
movement of the instrument. They were 
semicircular rather than hyperbolic, as 
was the case when the mark was made in 
gelatin. The fracture was very shallow 
and dipped slightly forward. The me- 
chanics of its formation is taken to be the 
same as that described by Lahee (see 
pp. 249 and 250) for crescentic fractures 
in quartzite. 

The “‘crescentic gouge”’ was also made 
in glass. A sharper tool and more pres- 
sure were necessary to produce these 
marks than to produce ‘‘crescentic frac- 
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tures.” The fracture was more pro- 
nounced near the axis than at the ex- 
tremities and dipped forward at an 
oblique angle. The fracture of the “cres- 
centic gouge” started at a point on the 
surface and extended downward with a 
conoid shape such as that described 
above for the crescentic gouge. 

The idea that the dip of the fracture in 
certain of the crescentic markings might 
be the desired criterion for determining 
direction of ice movement came as a di- 
rect result of these experiments, since the 
fractures invariably dipped in the direc- 
tion of movement of the instrument. 


LOCALITIES WHERE FRICTION CRACKS 
WERE STUDIED 

Friction cracks were observed and 
studied over a wide area in northeastern 
United States. The principal localities 
were in the vicinity of Hanover, New 
Hampshire; the Palisades region, New 
Jersey; and along the Delaware Rivet 
from the Delaware Water Gap to Port 
Jervis. 

Mount Cube, New Hampshire-—Mount 
Cube is situated in western New Hamp- 
shire, about 8 miles northeast of Thet- 
ford, Vermont. The resistant quartzite 
of the Clough formation’ causes it to 
stand 1,500 feet above the surrounding 
country. The character of the rock is 
such that it took and has held glacial 
markings exceedingly well. Today most 
of the exposed bedrock near the crest of 
the mountain is glacially polished, and 
striae, grooves, and friction cracks are 
abundant. 

The northern side of roches moutonnées, 
and of the mountain itself, has been gla- 
cially scored, while most of the south- 
ward-facing exposures have been severely 
plucked. Furthermore, all striae and rows 


*s Hadley and Chapman, “Geology of Mt. Cube 
and Mascoma Quads. N. H.” (1939), map. 
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north-south direction. There can be no 
doubt that the ice movement was ap- 
proximately toward the south. 

Friction cracks in the form of crescen- 
tic fractures and crescentic gouges were 
found in abundance on the crest of the 
mountain. The cracks dip southward in 
the direction of ice movement in every 
case where the dip could be determined. 
For the crescentic gouges the dip of the 
primary fractures is clearly visible. Many 
of the gouges show that the oblique fric- 
tion crack extends beyond the vertical 
fracture. The ordinary color of the rock 
is light gray, but in many cases there is a 
white crescent (showing air space) ex- 
tending in front of the gouge. The sec- 
ondary fracture is crescentic in shape, 
causing the horns to point backward. On 
Mount Cube the crescentic gouges vary 
in size from 4 inch to about 1 foot across. 
They occur singly, in pairs, or in rows of a 
dozen or more. They are similar to those 
described by Gilbert, although his mark- 
ings were in granite of the Sierra Nevada 
Range, while these are in quartzite. It 
might also be noted that the crescentic 
gouges of the Sierra Nevada were made 
by mountain glaciers, while these were 
produced by continental glaciation which 
completely overrode Mount Cube. 

The direction of dip of the crescentic 
fractures is not so easy to determine as 
in the case of the crescentic gouges. The 
crescentic fracture has only one steeply 
dipping fracture, so that no chip has been 
removed to expose the surface of the 
crack. The best method of establishing 
the direction of dip of this friction crack 
is to find a row of cracks which has been 
broken along the axis. In other cases it is 
possible to insert a piece of paper along 
a friction crack and thus obtain the direc- 
tion of dip. The crescentic fractures on 
Mount Cube occur in rows of from 10 to 
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of crescentic markings are oriented in a 





50 cracks. In some places the fractures 
are found within a groove or with a stria 
running down the axis; in others they 
occur alone. The horns point uniformly 
in the direction of ice movement. In 
every way these marks correlate with 
those of Lahee at Northey Hill. 

No other type of crescentic markings 
was observed on the quartzite of Mount 
Cube. The dip of the friction cracks is 
forward in every case observed, giving 
support to the theory advanced. 

Northwestern New Jersey—The Ap- 
palachian Valley and Ridge physiograph- 
ic province extends across northwestern 
New Jersey from the Delaware Water 
Gap to Port Jervis. The dominating fea- 
ture is Kittatinny Mountain, which 
stands high because of its quartzite sum- 
mit. The High Falls sandstone forms the 
foothills on the northwest and the Mar- 
tinsburg shale the foothills on the south- 
east. The whole region has been glaci- 
ated. R. D. Salisbury” showed the gen- 
eral direction of the ice movement to be 
southwest, following the topography; 
however, in the northern part there was a 
westerly movement across the ridge, 
while in the southern section the ice 
moved southward across the mountain. 
All these trends were observed in field 
work in this area by the writer. 

In High Point State Park near Port 
Jervis resistant Tuscarora quartzite is ex- 
posed over much of the crest of the moun- 
tain. There has been some plucking by 
the glaciers, and much of the surface has 
been weathered since the retreat of the 
glaciers. Nevertheless large areas of ex- 
posed bedrock are beautifully polished. 
Striae are indistinct in many places either 
because the quartzite was so resistant to 
the scoring effect of the glacier or because 
weathering has obliterated them. The 

'6“The Glacial Geology of New Jersey,” Geol. 
Surv. New Jersey, Vol. V (1902), glacial map. 
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outstanding glacial markings are the 
rows of friction cracks (almost entirely 
crescentic fractures). Each series extends 
for several feet, even several yards. They 
run parallel to each other and are some- 
times so close together that the extremi- 
ties of the cracks overlap. On every pol- 
ished surface examined along the road 
running north from the highway to the 
monument these friction cracks were ob- 
served. The horns of the friction cracks 
invariably point in a westerly direction. 
They range in size from 1 to 4 inches across. 
The direction of dip is not everywhere 
apparent, because no chip has been re- 
moved to expose the surface of the fric- 
tion crack. However, the dip of the frac- 
ture is forward toward the concave side 
of the mark. At one spot near the retain- 
ing wall 75 yards north of the monument, 
frost action has broken the rock down 
the axis of a row of friction cracks (cres- 
centic fractures), giving an excellent 
vertical cross section. A few measure- 
ments showed the dip of the fracture to 
be approximately 35° W. However, the 
rock surface slopes about 20° to the east, 
so that the actual angle the fracture 
makes with the surface is 55°. The frac- 
tures extend downward for as much as 
an inch and in some cases even deeper. 
This checks with the findings of Lahee at 
Northey Hill. Most of the striae have 
been removed by frost action, yet the 
rows of friction cracks still show up clear- 
ly and may be used in determining the 
direction of ice movement. 

Crescentic gouges, however, are not 
very numerous in this locality. On some 
surfaces none could be found at all: At 
the observation platform nearest the 
highway, a few gouges may be seen. No 
really good series was observed, although 
three or four in a row were seen. The dip 
of the principal fracture is westward. 

On the crest of Kittatinny Mountain, 
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northeast of the fire tower located due 
south of Millbrook, weathering and li- 
chens have obliterated most of the pol- 
ished surfaces. Striae are very indistinct. 
Nevertheless, three friction 
cracks are clearly seen oriented S. 56° W.., 
with their horns pointing in that direc- 
tion. The dip of the principal fracture of 
two crescentic gouges was clearly toward 
the southwest. From these facts the 
movement of the ice was determined to 
be S. 56° W., paralleling the ridge. A 
later check with Salisbury’s map"? showed 
this to be nearly the same as his trend 
line. 


series of 


One mile east of Flatbrookville, on the 
dirt road between that town and Newton, 
there are several excellent glaciated sur- 
faces on the High Falls sandstone. For 
about 3 mile along the top of the hill 
these scorings are well preserved in fine- 
grained red sandstone. There are several 
sets of striae all trending west of south. 
Paralleling the striae are rows of chatter- 
marks and friction cracks. 

The friction cracks occur in series of 
four or five and are of two types 
centic gouges and lunate fractures; no 
crescentic fractures are present. The dip 
of the fracture of both types is toward the 
south. The crescentic gouges are typical 

the surface of the oblique fracture is 
exposed by removal of the rock fragment 

and the horns point backward. Some 
series of crescentic gouges were joined by 
a groove down the axis; these are Cham- 
berlin’s jagged grooves. It was at this 
place that the writer first observed the 
friction crack which he has named “lu- 
nate fracture.” Actually it is quite simi- 
lar in appearance to the crescentic gouge, 
but the orientation of the horns, caused 
by the crescentic-shaped vertical fracture, 
point forward instead of backward. ‘The 
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really significant feature is that the frac- 
ture dips forward in the direction of ice 
movement as it does in every crescentic 
marking possessing a_ well-developed 
fracture. 

A complicating factor in this rock is a 
tectonic fracture which might have modi- 
fied the direction of fracture caused by 
glacial action. The two fractures could be 
clearly distinguished, however, and the 
glacial fracture is apparently completely 
independent of the older rock fracture. 

The dip slope of a hogback 2 miles 
south of Port Jervis and immediately be- 
hind Rock View House has been beauti- 
fully polished by glacial action. The 25° 
slope faces the Delaware River and forms 
the eastern margin of the flood plain. 
Part of the glaciated surface of the Eso- 
pus shale bedrock has scaled off to a 
depth of about an inch (no glacial frac- 
tures have penetrated to that depth), but 
the remaining surfaces contain abundant 
scorings. 

Rows of friction cracks parallel the 

trending S.75°W. Crescentic 
gouges and crescentic fractures are 
abundant. The crescentic fractures are 
from 3 to 4 inches across from horn to 
these 


striae 


horn. Vertical cross sections of 
marks can be seen in several places. The 
fractures dip forward at rather steep 
angles. The length of the rows of cres- 
centic fractures varies considerably, as 
does the number of individual fractures 
occurring in a single row. Fifteen were 
counted in one series, 29 in another. Two 
series of crescentic fractures, 5 well-de- 
veloped crescentic gouges, and many 
striae occupy an area of about 3 square 
feet. The crescentic gouges are larger 
than crescentic fractures and are in every 
way characteristic, with fracture dipping 
forward and the horns pointing back- 
ward. 
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DIABASE DIKE 

There is an excellent exposure of a 
glaciated diabase surface on New Jersey 
State Highway No. 4, $ mile east of 
Hackensack. The scorings occur on a 
hillside which slopes rather steeply to- 
ward the west. Striae point S. 4° W., ex- 
tending obliquely uphill. The rock is fine- 
grained diabase, and the joints are so far 
apart that previous rock fracture seems 
to have no effect on glacial fractures. 

Several rows of well-developed cres- 
centic gouges parallel the striae. The 
principal fracture dips forward and ex- 
tends below the vertical fracture. The 
latter is curved, with the horns pointing 
backwards. Individually, the size of the 
marks ranges from ? to 3 inches. As is 
commonly the case, many of these frac- 
tures are not actually crescentic, but the 
general tendency is such. 

Series of crescentic fractures are found 
scattered over the surface of the diabase 
outcrop. They are parallel to the striae 
and the rows of crescentic gouges; their 
horns point forward in every case. These 
fractures are not so well developed as are 
They 
are more superficial and less sharp, as the 
fracture does not extend far below the 
surface. The dip of the friction crack is 
forward, though it was not easy to de- 
termine. An average of 15-25 fractures 
occur in a single series, and a whole row is 
less than 1 foot long. These friction 
cracks are about 1 inch across and of uni- 
form width in each set. Striae are inti- 
mately related to the crescentic fractures. 
Generally they run along the axis of the 
fractures but are not deep. 

Chattermarks are found in many of 
the larger striae and furrows but are of 
little value in determining the direction 
of ice movement. They occur in series, 
and their size depends on the width of the 
furrow. The marks are usually longer 


crescentic fractures in quartzite. 











across the axis of the furrow than parallel 
to it. Often the shape is somewhat cres- 
centic, with the horns pointing forward, 
but frequently they are oval or nearly 
circular. These chattermarks might be 
described simply as nicks, generally re- 
curring rhythmically in a furrow. The 
sides of the depression are rounded, not 
angular as in the case of crescentic gouges, 
and there is no single sharply defined 
fracture surface. 


WEST OF PORT JERVIS, NEW YORK 

In its upper course the Delaware River 
flows a winding southwesterly course in a 
narrow gorge across the Appalachian 
Plateau. At Port Jervis, at the conjunc- 
tion of New York, New Jersey, and Penn- 
sylvania, it enters the Valley and Ridge 
Province, takes a right-angle turn to the 
southwest, and flows for 50 miles in that 
direction along a subsequent valley. This 
valley extends also to the northeast from 
Port Jervis, paralleling the commanding 
Kittatinny Ridge. 

From the reports of I. C. White’® and 
Salisbury’? it is evident that the regional 
movement of the ice was southwesterly 
over the eastern part of the plateau, as 
it was in the Valley and Ridge Province. 
There is some disagreement in their maps, 
however, as to the general trend along 
the Delaware River from Port Jervis to 
the Delaware Water Gap. Salisbury in- 
dicates a more westerly trend in ice move- 
ment and shows considerable modifica- 
tion by local topography. Though White 
did recognize that local topography is 
effective in directing ice movement, the 
trend lines on his map indicate that he 
did not possess enough striae directions 
to show local modifications. 

18 “The Geology of Pike and Monroe Counties,” 


2d Geol. Surv. of Pa., Report of Progress G6 (1881), 
map. 


19 Op. cit., map. 
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Immediately west of Port Jervis in a 
road cut on Point Peter there are excel- 
lent glaciated surfaces on Hamilton 
shale. These occur on the bedding planes 
of the rock, which dips 18° NW. and has a 
strike of N. 62° E. The orientation of the 
striae ranges from N. 62° W.-S. 62° E. to 
N. 45° W.-S. 45° E. Friction cracks were 
found in series of from 6 to ro in many 
grooves running parallel to the striae. 
The dip of the fractures is to the north- 
west. The Hamilton shale has a fracture 
cleavage which may have interfered with 
the orientation of the glacial fractures. 
At Point Peter the cleavage dips only 
slightly more than the bedding planes, 
and at about the same angle as the fric- 
tion cracks. It may be that the orienta- 
tion of the cracks was determined by the 
pre-existing cleavage. 

Four miles upriver along the highway 
near Hawk’s Nest other polished surfaces 
were found. They occur on the north 
side of the river, where there is a steep 
cliff both above and below the road. The 
glaciated surface is the bedding plane of a 
light-gray sandstone which dips north- 
west at a low angle. The striae are ori- 
ented N. 45° W.-S. 45° E. Rows of fric- 
tion cracks, both crescentic gouges and 
lunate fractures, parallel the striae. The 
friction cracks dip to the northwest. 

The dip of the friction cracks indicated 
that the ice moved northwest, that is, up- 
river. Efforts have been made to deter- 
mine the direction of ice movement from 
other evidence, but, unfortunately, this 
is not conclusive. 

The course of this portion of the Dela- 
ware River is at right angles to the re- 
gional trend of ice movement as worked 
out by Kiimmel, Salisbury, Lesley, and 
White. The map of the first two geolo- 
gists”° indicates the sensitivity of the ice 
to local topography, but, unfortunately, 


20 Salisbury, ibid. 





























their map does not extend west of Port 
Jervis. Nor is there any mention of di- 
rection of movement in that part of the 
Delaware Valley in the text. Lesley’s™ 
map shows no deflection in this valley, 
and no striae are recorded in this area. It 
seems certain that a gorge of this size 
would have modified the direction of ice 
movement. The striae and rows of fric- 
tion cracks in the valley do actually run 
at right angles to the regional direction of 
ice movement and along the river valley. 
The question is whether the ice moved 
northwest or southeast. The following is 
a summary of the evidence supporting 
each possibility. 


FOR SOUTHEAST MOVEMENT 


t. Jointing may account for the north- 
west dip of the friction cracks found in 
this valley. 

2. The glaciated surfaces slope to the 
northwest, and glacial scorings are best 
developed on the upgrade. 

3. Though ice moved westward across 
Kittatinny Mountain at High Point, 
south of Port Jervis, it is plausible that 
the scorings were made at a later date, 
during the waning stages of glacier occu- 
pation. At that time Kittatinny Moun- 
tain must have been a controlling factor 
in ice movement. 

4. The trend of regional ice movement 
was southwesterly, paralleling the broad 
Neversink Valley and Kittatinny Moun- 
tain just to the southeast. The Delaware 
Valley extends southeast directly across 
that regional movement and joins the 
Neversink at right angles. It would seem 
logical that ice might be deflected by the 
Delaware Valley and turned southeast- 
ward into the Neversink; a northward de- 
flection might appear improbable. 


21 White, “Pike and Monroe Counties,” Pa. 2d 
Geol. Surv. G6 (1881), map. 
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FOR NORTHWEST MOVEMENT 


1. It has been found in all places 
where the direction of ice movement is 
known that the dip of friction cracks is 
invariably in the direction of ice move- 
ment. At Point Peter, admittedly, pre- 
existing rock fracture may have reversed 
the dip of the glacial fractures. However, 
there are friction cracks near Hawk’s 
Nest which dip to the northwest. 

2. White” reports Oneida (Tuscarora) 
conglomerate boulders due west of Port 
Jervis at altitudes up to 1,475 feet. These 
are scattered on the hills 1to-12 miles 
northwest of the Delaware River in Pike 
County, Pennsylvania, and 15 miles from 
the outcrop of this rock on Kittatinny 
Mountain. These Oneida boulders are 
found from Shohola to the mountain and 
on down through Pike and Monroe coun- 
ties. They are most numerous near the 
mountain. There are two ways in which 
these boulders could have reached their 
present position: (a) The regional trend 
of the ice was more westerly than indi- 
cated by Lesley’s map. In that case the 
ice could have carried the boulders from 
outcrops on Shawangunk Mountain. 
(b) There was a westerly movement of the 
ice which carried the boulders from Kit- 
tatinny Mountain to their present loca- 
tion. This latter hypothesis is supported 
by the westward-pointing markings on 
the summit of Kittatinny Mountain at 
High Point. 

3. The striae and crescentic markings 
found in the Delaware gorge are oriented 
in direct line with the slope of the moun- 
tain, though not in a line with the glacial 
markings described at High Point. Gla- 
cial scorings are frequently found on the 
downslope, as shown east of Flatbrook- 
ville, at Mount Cube, and at many other 
places. 


22 Op. cit., p. 43. 
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4. The height of the glacial mass may 
have been greater over Kittatinny 
Mountain than to the west, and, if so, 
there must have been a tendency for the 
ice to move down the sides of the moun- 
tain. If this force were sufficiently 
strong, its effect could have been to de- 
flect the ice up the river gorge and away 
from the Neversink-lower Delaware 
Valley. 

Though the direction of ice movement 
within the Delaware gorge cannot be 
proved from the data at hand, undoubt- 
edly a more thorough study would soon 
decide the question. There is no reason 
to postulate more than a local movement 
up-valley. The ice may simply have been 
deflected along the sides of the gorge, 
shortly to resume its way to the south- 
east. Ice moving across Kittatinny 
Mountain might conceivably have ex- 


erted sufficient pressure against the 


“Port Jervis Gap”’ to force this deflection 


to the northwest. From the evidence of 
the friction cracks as determined in this 
study, the writer inclines to the hypoth- 
esis that the ice did move up-valley. 


CONCLUSIONS 
The evidence indicates that friction 


cracks are of definite value in determin- 
ing the direction of ice movement. Striae 
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alone are often undependable and in 
many places are absent. The orientation 
of the horns of crescentic markings is not 
a practical means of determination, be- 
cause it varies with each of several types 
of glacial crescentic markings. 

Field work shows that nearly all glaci- 
ated rock surfaces, in the regions studied, 
do contain friction cracks. Furthermore, 
they are still visible in many places 
where polishing and striae have been 
weathered away. In every case where 
friction cracks have been observed and 
the direction of movement is known— in 
the field, in the laboratory, and as de- 
scribed in the literature—the principal 
fracture has been found to dip forward in 
the direction of movement of the over- 
riding agent. 
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ABSTRACT 


Studies of thin sections of sedimentary rocks, in investigations of rock facies, reveal that there is no 
available grade scale designed especially for two-dimensional measurements of grain size, roundness, etc 
It is not possible to secure the same results from thin sections, which are random sections, as from loose 
grain s or fragments. Igneous-rock petrographers and metallographers well recognize this fact. 

n developing a new scale for this growing need, grade scales in general were studied and the principles 
for their construction evaluated. Upon these, with the convenience of the resulting scale constantly in 
mind, a metric grade scale has been devised which avoids most of the difficulties of three-dimensional scales 
This scale is for thin sections of sedimentary rocks. It is not a competitor to the grade scales now in use for 
loose grains, such as the Wentworth scale with which sedimentary petrographers are familiar. 

The relationships between measurements of three- and two-dimensional material are not here discussed. 
The problems are too complex for the present. 

The proposed scale is given in Table 8 and in Figure 3. 


INTRODUCTION C. K. Wentworth, so well known in this 
The growing importance of sedimen- country and accepted as the standard, 
would serve as a pattern, particularly so 
as the writer has used the Wentworth 
micrometer stage on a petrographic mi- 


tary-rock facies promises that more at- 
tention will be paid to studies of sedi- 
mentary rocks in thin sections. The prog- 
ress in the investigation of loose grains, TABLE 1* 
of recent sands, of modern lake deposits, 
and so on, foreshadows much work on 
consolidated rocks. Grain-size measure- 


WENTWORTH GRADE SCALE 


Fractional Decimal 


ments in thin section require the develop- Gente Torun Mm.) Mm 
ment of new technique and equipment. 
rea ‘ / Boulder Above 256.000 
his paper discusses the need for a new Cobble 256.000 — 64.000 
grade scale for thin sections and proposes Pebble oe eee 
- ° Granule 4.000 2.000 
such a scale. The areas of grains revealed Very coarse sand 2.000 - 1.000 
by thin sections can be measured," prefer- Corse sand ; 7? > 2. 
ae a - é 3 Medium sand 1/2 -1/4 ©.500 0.250 
ably in terms of nominal sectional diam- Fine sand 1/4 -1/8 0.250 - 0.125 
eters.2 But these data are not the same — fine sand. .| 1 te ee 
S1 I/10-1/2509 0.0025 0.03125 
as those derived from loose grains. The Clay Below 1/256. Below 0.03125 
relationship between three-dimensional 
10-d1 Nel « TA > » > ic * Adopted from Wentworth, ‘A Scale of Grade and Class 
and two-dimensional measurements is Terms for Clastic Sediments,” Jour. Ge, Vol. XXX (1922), 


not exactly known. There is, therefore,  »- 384 
sufficient justification for proposing a 
scale for this specific purpose. 

It was first thought that the scale of 


croscope for many years for Delesse- 
Rosiwal analyses. But the Wentworth 
scale, given in Table 1, shows many frac- 
‘H. L. Alling, “A Diaphragm Method for Grain tions, especially in decimal form, which 
eS . P sare, 79 Pa 7 4 ° . . rr . . - 
“ Analysis,” Jour. Sed. Pet., Vol. XI (1941), PP- were found inconvenient. The origin of 
f these fractions lies in the particular con- 
?Hakon Wadell, “Volume, Shape, and Round stant ratio used in its construction 
e ° . r , c se N . . 
ness of Quartz Particles,” Jour. Geol., Vol. XLIII * i ee i 
1935), Pp. 263. In the search for the principles of 


31. 
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grade scales in general, I am very grate- 
ful to W. C. Krumbein for his kindness 
in discussing these matters with me. His 
assistance is greatly appreciated. 


SCALES FOR THIN SECTIONS 


In designing a scale for thin sections, 
distinct from those for loose grains, the 


Ab 10 20 30 40 


15 
16 


Ab 10 20 30 


Albite Oligioclase Andesine 


PLAGIOCLASE 
50 60 


Labradorite 


HAROLD L. ALLING 


stretched out for small sizes and com- 
pressed for large. A suitable basis for 
plotting the divisional points is multiple 
cyclic semilogarithmic graph paper.* 

J. P. Iddings? refers to ‘‘coarse,’’ ‘‘me- 
dium,” and “‘fine-grained”’ igneous rocks. 
He proposed that “the grain of rocks 
may be described more definitely by stat- 


70 80 90 An 


Schuster 
Hussak 
Tschermak 
Dana 

“| Zirkel 
Rosenbusch 
Iddings 
Johannsen 
Kemp 

‘| Johannsen 


Calkins 

Dana-Ford 
~ | Johannsen 
“| Winchell 


90 A YUL 


Bytownite — Anorthite 


PERCENTAGE OF ANORTHITE 


Fic. 1.—Diagram showing various divisions of the plagioclase feldspars as proposed by many petrog 
raphers. Redrawn from Albert Johannsen, A Descriptive Petrography of the Igneous Rocks, Vol. I (1st ed.; 
Chicago: University of Chicago Press, 1931), p. 29, Fig. 42. 


writer first turned to those of igneous- 
rock petrographers. They, too, realize 
that the range of grain size of earth ma- 
terials is a continuous series, the division 
of which is purely arbitrary. To erect 
partitions is analogous to the subdivision 
of the plagioclase feldspars (see Fig. 1). 
All agree that the differences between 
two consecutive divisions of a grade scale 
should be greater for large sizes than for 
small. In other words, scales must be 


ing .... the size of the crystals in terms 
of the metric system’’s (see Fig. 3, col. 1). 
His scale is shown in Table 2. While 
there is a gap in this classification, it es- 
tablishes the divisional points on a met- 
ric basis. 

quadruple 


3Such as Lefax semilogarithmic 


graph paper No. 252. 


4 Igneous Rocks, Vol. I (New York: John Wiley 
& Sons, 1909), p. 192. 


s Ibid. The italics are mine. 











METRIC GRADE SCALE FOR SEDIMENTARY ROCKS 


METALLOGRAPHIC SCALES 


Metallographers study their material 
by examining polished blocks with a re- 
flecting microscope. They know that 
grain-size measurements of alloys are not 
the full true size.° They are not greatly 
disturbed, however, by this because the 
measurements of grain sizes of alloys can 
be secured in no other way. Metallog- 
raphers have but one scale—a scale ex- 
actly comparable to the igneous-rock 
petrographer’s for thin sections; and 
there is a need for one for sedimentary 
rocks. 

Iddings’ scale, on a metric basis, fur- 
nishes an excellent pattern for a scale for 
sedimentary rocks. It establishes the im- 
portant partitions at convenient places: 
0.001, 0.01, 0.1, I, 10, 100, and 1,000 
mm. These limits are here adopted. 

The writer then turned to a study of 
grade scales set up for the classification 
of loose grains, fragments, sands, and 
soils. Eighteen different ones were col- 
lected, and these were plotted. There are 
others, but these are sufficient for the 
present purpose. The original chart was 
an elaborate one, not suited for reproduc- 
tion in this Journal. However, a modi- 
fied form is shown in Figure 2. The dis- 
agreements among these indicate that 
there is room for improvement. It re- 
minds one of the chaotic condition of the 
classification of the plagioclases before 
F.C. Calkins’? sensible arrangement on a 
decimal basis (see Fig. 1) was proposed. 


6Zay Jeffries, ‘Grain Size Measurements,” 
Met. and Chem. Eng., Vol. XVIII (1918), p. 185; 
Zay Jeffries and Robert S. Archer, Science of Metals 
New York: McGraw-Hill Book Co., 1924), p. 89; 
Henry M. Howe, The Metallography of Steel and Cast 
Iron (New York: McGraw-Hill Book Co., 1916), 
p. 268. 


7“ Decimal Grouping of the Plagioclases,” 
Jour. Geol., Vol. XXV (1917), pp. 157-59. 
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THE FUNCTIONS OF GRADE SCALES 


A thorough discussion of the functions 
of grade scales is not necessary here, as 
the reader can be referred to W. C. 
Krumbein.* There are two distinct pur- 
poses, however, that it is well to recog- 
nize and clearly distinguish. 

The first is descriptive; the second is 
analytic. The descriptive function is es- 
sentially to supply names, such as 
‘“‘sand,” to definite size ranges. The ana- 
lytical purpose is for statistical opera- 
tions which require, for the greatest con- 
venience, a geometrically arranged scale 


TABLE 2* 


IDDINGS’ SCALE FOR IGNEOUS ROCKS 


Range 
Mm.) 


Meter-grained rocks. . Above 1,000 
Decimeter-grained rocks. 100 I ,000 
Centimeter-grained rocks... 10 100 
Millimeter-grained rocks... 1 IO 
Decimillimeter-grained rocks 0.1 I 
Micron-grained rocks. ... 0.001 0.01 


*Iddings, op. cit. The arrangement is mine 


with a constant ratio between adjacent 
ranges. What has been attempted in 
most grade scales is to combine these two 
functions in one scale, which results in 
confusion in certain cases. The descrip- 
tive scale does not, by necessity, require 
a systematic constant relation between 
each named size range. The analytical 
scale should be geometric in character, as 
its real purpose will otherwise be de- 
feated. 
CLASS-INTERVAL SCALES 

Experience has led the writer to re- 
quire a third kind of scale. This is the 
class-interval scale. The purpose of these 
scales is to supply a suitable base for 


8 W. C. Krumbein and F. J. Pettijohn, Manual of 
Sedimentary Petrography (New York: Century Co., 
1938), pp. 86-88. 
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LOGARITHMIC SCALE MILLIMETERS 


Fic. 2.—Grade scales for sediments plotted on a logarithmic scale in terms of millimeters. Legend: C, 


coarse; D, dust; FF, fine fine; G, gravel; L, large; 1, medium; RF, rock flour; S, small; SF, superfine; VF, 
very fine; VS, very small. 
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plotting data for each individual speci- 
men. As grain sizes of sediments and 
rocks have a great range, it is necessary 
to devise scales to fit each sample. This 
means a set of them. The value of each 
class is dependent upon two require- 
ments: first, that the total range or 
spread be measured and, second, that 
this range be divided into approximately 
10 equivalent classes, each of equal 
value. Figure 10 is based upon a com- 
mon statistical procedure; less than 10 
classes may conceal important charac- 
teristics, while more than 10 may intro- 
duce artificial troughs, cusps, additional 
peaks, etc., in the frequency-distribution 
curve, which unnecessarily reduces the sig- 
Stand- 
ardization upon 10 leads to uniformity. 


nificance of such measurements. 


The use of such scales makes it possi- 
ble to plot the data on a proper base to 
see the characteristics, without distor- 
tion, of the grain size of each specimen. 
For comparing frequency-distribution 
curves, however, all can be plotted to a 
single scale. Inasmuch as the grain-size 
range may be great, a logarithmic base 
is very satisfactory. It is well to realize 
that curves plotted to an arithmetic base 
yield a set of statistical elements which 
are different for the same data plotted to 
a logarithmic base. 

The above-mentioned kinds of scales 

descriptive, analytical, and class-inter- 
val—are frequently combined, as is illus- 
trated by the customary “histogram.”’ 
The point is that they do not necessarily 
have to be so consolidated. There are ad- 
vantages in keeping them separate for 


specific purposes. 
CHOICE OF RATIO 
RATIO OF 2 


The convenience of the resulting scale 
will depend upon the ratio employed. 


J. A. Udden? in 1898 was apparently the 
first to propose the factor 2. Wentworth" 
in 1922 adopted the same figure. This 
particular number, however, leads to in- 
convenient fractions, which was the in- 
itial objection. Wentworth’s reason for 
the adoption of 2 is that it is “the most 
convenient ratio for the construction of 
such aseries. .... ” If convenience is one 
of the criteria for a satisfactory scale, as 
here assumed and as Wentworth seems to 
imply, one may ask: Just why is 2 the 
most convenient ratio when 10 leads toa 
more convenient scale? 

Wentworth further suggests that, if 
additional subdivisions are needed, the 
ratio ¥/2 could be used, “or in exception- 
al cases, ¥/2.” 

RATIO OF 10 

A. Atterberg™ recognized that there 
were other ratios that lead to more con- 
venient scales and proposed the value 
of 10. But, instead of “‘starting”’ at 1, he 
began at 2. Consequently, his divisional 
points are as follows: 0.002, 0.02, 

20, and 200. This scale has vogue in Eu- 


rope. This ratio is metric in principle and 


furnishes the basis for a satisfactory 
scale. It is here accepted as one of the 
bases for a scale for thin sections. 


HOPKINS’ RATIOS 
C. G. Hopkins” in 1899 proposed a ra- 
tio of the square root of 1o for a greater 
subdivision of sizes than the simple ratio 
of 10 provides. In addition, Hopkins sug- 
gested the ratio of the fourth root of to 
for more subdivisions. Hopkins’ sugges- 


»“The Mechanical Composition of Wind De- 
posits,” Augustana Library Pub. 1 (1808). 

10Op. cit., p. 382. 

t“Die Klassifikation der Sande und Kiese,”’ 
Chem. Zeitung, Vol. XXIX (1905), pp. 195-08. 

12*\ Plea for a Scientific Basis for a Division of 
Soil Particles in Mechanical Analysis,” U.S. Dept 
1gric., Dept. Chem. Bull. 56 (1899), pp. 64-66 








tions will receive more attention below. 
These ratios are accepted as sound and 
are used in the proposed scale. 


MAJOR AND MINOR GRADE TERMS 


Wentworth’: lists the following grade 
scales: ‘‘boulder,” ‘‘cobble,” “granule,” 
“sand,” “silt,” and “clay.”’ He further 
divides “sand”’ into five smaller units, 
‘““‘medium,”’ 


’ 


“very coarse,” ‘‘coarse,” 
“fine,” and ‘‘very fine sand,” but does 
not subdivide any of the other grade 
terms. He proceeds to put the small 
units alongside the large units and then 
applies his geometrical scale with the 
constant ratio of 2 to all of them. This 
ignores the difference in magnitude of 
the terms; ‘‘coarse sand”’ is a term of 
lower magnitude than “gravel.” 
MAJOR PARTITIONS 

Recognition of the two kinds of 
terms, major and minor, appears to be 
one of the necessities of any grade scale. 
The ratio of 10 used by Atterberg makes 
the spaces devoted to “clay,” “silt,” 
“pebbles,” ‘‘cobbles,” and ‘‘biocks’’ all 
the same in width on a logarithmic base. 
His only departure from this simple plan 
is the treatment of ‘‘sand,”’ distinguish- 
ing “coarse” and ‘fine’ sand and giving 
to each the same space as to the major 
units. But Atterberg’s starting-point of 
2, as already noted, is different from the 
ma/‘ority of scales. If, however, 1 be tak- 
en as the place of departure as in most 
scales, and the ratio of 10 be retained, the 
major units are delimited by simple, easi- 
ly remembered divisional partitions: 
0.001, 0.01, 0.1, I, 10, 100, and 1,000. 

Let us see if the above procedure fits 
the scales that have been devised. At 
first glance it appears that it does not. 
A closer examination, however, of the 18 
scales shown in Figure 2 reveals that 


13 Op. cit., pp. 379-81. 
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“sand”’ is divided into a number of minor 
units."4 Six scales use ‘‘very coarse sand,” 
the lower limit of which in all cases is 
1mm. If “very coarse sand”’ is eliminat- 
ed as being equivalent to “very fine 
gravel” or “‘fine gravel,” then 14 of the 
18 scales have the upper limit of “‘sand” 
at this point. The same kind of reason- 
ing can be applied to the lower limit of 
“sand” as well. If “very fine sand”’ is re- 
garded as the same as “‘very coarse silt,” 
then 9 of the 18 scales coincide at o.1 
mm. Thus, with this method, the ma- 
jority of the scales do fit the proposal. 
The application of this principle to the 
Wentworth scale shows only partial 
agreement, however. The upper limit is 
the same if ‘ 
nated. The lower limit, however, does 
not fit. Wentworth places it at 0.0625 
mm. instead of o.1 mm., as advocated in 
this paper. 

The establishment of the major terms 
“whole”? numbers 


‘very coarse sand” is elimi- 


at these convenient 
does no great violence to most of the 
scales, if the above reasoning is used. 
Consequently, it is here adopted. 


NAMING THE MAJOR DIVISIONS 

An examination of the 18 scales shows 
that there are 12 available major names. 
“Sand” is used by all, “‘gravel’’ by most, 
“silt” and “‘clay” by 13; the other terms 
““Cob- 


>° 


are used by 3; 


are used to much less extent. 
bles” and “‘boulders”’ 
“dust” appears 3 times; ‘rock flour” 
(which apparently is another way of ex- 
pressing ‘“‘silt’’) occurs twice. ‘“‘Colloid,” 
“blocks,”’ and ‘‘granule’’ are each shown 
once. 

One of the striking observations to be 
made about these scales, as plotted in 
Figure 2, is that many fail to span the 
complete range of size; most of them are 


14Of the 18 scales: 2 twofold, 1 threefold, 11 


fourfold, 4 fivefold. 
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confined to a few major divisions center- 
ing about “sand.” This limits the num- 
ber of available opinions regarding suit- 
able names to be applied to the extreme 
grades. 

Of the 12 names for major grades sup- 
plied by these scales, the writer has 
found 7 that will serve satisfactorily. 


AGGREGATE TERMS 
lhe choice of names assigned to major 
grade units should be applicable as ag- 
gregates. ‘‘Sand”’ is perfectly satisfactory 
‘sandstone”’ with the 


because it becomes ‘ 
addition of the suffix 
“‘oravelstone,”’ and 


‘stone.” ‘“‘Clay- 
“siltstone,”’ 
are acceptable with vary- 


ing degrees of success. ‘‘Colloidstone”’ 


stone,”’ 
“cobblestone’”’ 


and “‘boulderstone’’ may appear strange 
and less acceptable; but the writer, hav- 
ing used them, does not find them so. 

It has been difficult to use two of 
Wentworth’s® “oranule’’ and 
“nebble.”’ These have been omitted from 


terms 
the proposed scale. “‘Granule’’ does not 
appear on any other scale. The inclusion 
and “pebble” in Went- 
worth’s scale gives “‘cobble”’ a higher size 


of ‘‘granule”’ 


value than is shown on other scales. 
“Granule” does not form a satisfactory 
aggregate term; “granulestone’’ seems 
out of step with the others. 

The above discussion leads to the con- 
clusion that the following seven terms 
for the major terms will serve: “colloid,” 
“clay,” “slit,” “sand,” “gravel,” ‘“‘cob- 
bles,” and ‘‘boulders.”’ These ‘‘correlate”’ 
well with Iddings’ scale for igneous rocks, 
as shown in Table 3. 


THE MINOR UNITS 


The subdivision of the major units 
“gravel,” “sand,” “silt,” and so on—is 


another problem of a satisfactory scale. 


Op. cit., p. 380. 





There are at least two approaches: one 
is arithmetical and the other is logarith- 
mic. Most of these scales in Figure 3 are 
essentially arithmetical. 


TABLE 3 


TABULATION OF MAJOR DIVISIONS: IGNEOUS 
AND SEDIMENTARY ROCKS 


Sed y 
Sizes in Igneous Rocks tary 
Millimeters Idding Rocks 
Alling 
100 I ,000 Decimeter-grained rocks Boulders 
I 100 Centimeter-grained rocks Col 
I I illimeter-grained rock Gravel 
I I Decimillimet ed S 
rocks 
I Centimillimete S 
rock 
I I Micron-grained rock ( 
I I Gay ( 


\RITHMETICAL SCALES 

The major units are usually divided 

on a three-, four-, or fivefold basis by 

simple arithmetical fractions (or deci- 

mals). Table 4 shows two such schemes. 
TABLE 4 


ATTEMPTS TO DIVIDE MAJOR UNITS 


PHREEFOLD FIVEFOLD 
Range Range 
Mn Name M Nan 

I Ver 
I Fine sand Fir 
Med 
Medium s. Coarse " 

I Coarse sar I Very ure 1 
Approximately equal widths Unequal! widths on logarithmi 
on logarithmic scale scale 

The advantage of the threefold 


scheme in Table 4 is the approximate 
equal spacing on a logarithmic scale. | 
have found this scale fairly satisfactory. 
The disadvantages arise when this grade 
scale is used for statistical analysis, as 
Krumbein” has kindly pointed out to 
me. His objection is expressed in Table 5. 


16 Personal communication, March, 1042. 
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Of course, these objections are very 
pertinent. After trying many arithmeti- 
cal divisions, the present writer is con- 
vinced that only a logarithmic scale will 
avoid the difficulties. 


LOGARITHMIC SCALES 
Hopkins’? paper reveals that he had 
the same difficulty long ago. Investiga- 
tors have not been properly impressed by 
his point of view. Hopkins was critical, 


TABLE 5 
INCONSISTENCIES OF ARITHMETICAL DIVISION 


Logarithmic Differ 
Units encet 


hreefold 
JIVIsIONS 


Ratio* 


DI 0.25 
2 ° 
I 


* Not a constant geometric ratio 


t Logarithmic units not suitable for statistical analysis 

as is the writer, of the position of the 
limiting partitions of the usual scales. 
He says: 

These limits were originally chosen by mere 
chance and have no more of a scientific basis 
than have common systems of weights and 
measures or the Fahrenheit thermometer 
scale... . . One serious objection to this system 
is that the ratio of the diameter of the largest 
particles to that of the smallest particles in 
each of the various divisions is not a constant. 

. Because of this objection ... . [Hopkins 
proposed in 1897] the system illustrated in the 
following table [Table 6]. It was subsequently 
adopted by the department of soil physics of 
the University of Illinois, and has since been 
employed with entire satisfaction. 


It is well to note that Hopkins wrote this 
in 1899. It needs stressing today. The 
basis of this scale is the ratio constant of 
V10, which equals 3.16227, or approxi- 
mately 3.2. This results in a bisection of 
the major terms into two equal parts, as 
plotted on a logarithmic base. As two mi- 
nor terms may not be sufficient for a sat- 


Op. cit., pp. 64-66. 
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isfactory scale, Hopkins suggests that 
further division could be made by using 
the fourth root of 10, which equals 
1.77828, or 1.8 approximately. 
The divisional points can be expressed 
in a different form: 
The antilogarithm of 0.7500000 = 
approximately 5.6 
The antilogarithm of 0.5000000 = 
approximately 3.2 
The antilogarithm of 0.2500000 = 
approximately 1.8 


5-62341, or 
3.10227, or 


1.77828, or 


This results in equal quartering—a four- 
fold Hopkins’ ratios 
satisfactory that they are adopted for the 
proposed scale. 


division. are so 


TABLE 6 


GRADE SCALE OF HOPKINS,* 1899 

Millimeters 

Gravel Greater than 1 

Coarse sand... 0.: 

Medium sand o 

Fine sand re) 

Coarse silt ).032 -O 

Medium silt ce) 

Fine silt re) 

Clay 

* Op. cit 


Less than 


NAMING THE MINOR UNITS 


Having decided upon four minor units 
for each of the seven major divisions, the 
naming of these remains to be done. An 
examination of the 18 scales (Fig. 2) re- 
veals that there are seven terms used for 
subdividing ‘‘sand.’”’ In Table 7 the fre- 
quency of use is shown. The writer has 
adopted the four terms most used: ‘“‘very 
fine,” “fine,” ‘‘medium,” and ‘‘coarse.”’ 
THE PROPOSED SCALE FOR 

SEDIMENTARY ROCKS 


The search for a satisfactory grade 
scale for thin-section measurements has 
resulted in the conclusion that a new one 
is justified. The unfortunate choice of a 
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constant ratio of 2, as is illustrated by 
the scales of Udden and Wentworth, re- 
sults in inconveniences which are avoid- 
ed by a ratio of 10, as used by Atterberg 
and Hopkins. The ratio of 1o is here 
adopted. The distinction and establish- 
ment of the major grade terms on a deci- 
mal basis, with partitions at 0.0001, 
0.001, 0.01, O.I, I, 10, 100, and 1,000 
mm. has much to commend it and is a 
part of the proposed scale. These divi- 
sional points furnish seven spaces for 
“colloid,” “clay,” “silt,” “sand,” “‘grav- 


” 


TABLE 7 
FREQUENCY OF USE OF SUB- 

DIVISIONS OF SAND 
Name 

Fine fine sand. 

Superfine sand 

Very fine sand 

Fine sand. . 

Medium sand 

Coarse sand... 

Very coarse sand 


‘ 


el,” “‘cobbles,” and “boulders,” all of 
which are suitable names, as they lend 
themselves to aggregate terms such as 


“siltstone,” “‘sandstone,”’ “‘gravelstone,”’ 
etc. The division of the minor grade 


terms can well be accomplished by the 


use of the ratio ¥/10, as proposed by 
Hopkins. This provides a fourfold equal 
spacing, as plotted upon a logarithmic 
base, for the minor terms ‘‘very fine,” 


“fine,” “‘medium,”’ and ‘‘coarse.’’ This 


scale is given in Table 8. 


CONCLUSIONS 

Facies studies of sedimentary rocks in 
the form of thin sections require the use 
of a grade scale designed for this express 
purpose. As such a scale does not exist, 
the writer has investigated scales pro- 
posed for three-dimensional measure- 
ments of loose grains and fragments, in 
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order to discover the principles upon 
which a satisfactory scale can be built. 
It is believed that the following are fun- 
damental to that end: 

1. Grain sizes constitute a continuous 
series. 

2. Any division of this series is an ar- 
bitrary matter. 

3. Convenience in use of any grade 
scale is a required criterion. 

4. Statistical analysis requires that a 
constant geometrical ratio be used. 

5. There are two kinds of divisions: 
major and minor. “‘Silt,’’ “sand,” and 
“gravel” are major terms; “‘very fine 
sand,” ‘fine sand,”’ “‘medium sand,” and 
“coarse sand”’ are minor terms. 

6. The major terms are most satisfac- 
torily delimited by the use of the con- 
stant ratio of 10. This establishes the ma- 
jor units at the very convenient points: 
0.0001, 0.001, 0.01, 0.1, I, 10, 100, and 
1,000 mm. These partition positions do 
no great violence to existing scales. [x- 
tension, if needed, in either direction is, 
of course, entirely possible. 

7. The use of the ratio of the fourth 
root of 10, as proposed by Hopkins, di- 
vides the major units fourfold. These are 
equal in width when plotted on a loga- 
rithmic base. The partitions are placed 
at 0.1, 0.18, 0.32, 0.56, and 1.0, or times 
10, 100, etc., or times 1/10, 1/I00, etc., 
depending upon direction. 

8. The names of the minor units are 
readily forthcoming, as they are in com- 
mon use, especially for “‘sand.”’ The ex- 
tension of this simple plan to “silt,” 
“gravel,” etc., is a logical one. This fur- 
nishes the following terms: ‘‘very fine,” 
“tine,” “medium,” and “‘coarse.”’ 

g. The use of the above principles re- 
sults in the proposed metric grade scale, 
given in Table 8 and Figure 3. 

10. This proposed scale is not for 
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three-dimensional measurements, for 


which the Wentworth scale was especial- 
ly designed. 


11. The proposed scale is for use for 
thin sections and polished blocks. 

12. No competition between the two 
scales is in any way expressed or implied. 
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Each scale fills a need for a different pur- 
pose. 

13. The relationship between the 
three-dimensional and the two-dimen- 
sional scales is not discussed in this pa- 
per. The problems are much too complex 
for consideration at this time. 


TABLE 8 


PROPOSED METRI 


Minor Divisi« 


Coarse 
Medium 
Fine 
Very fine 


Boulder 


Coarse 
Medium 
I ine 
Very fine 


Cobbles 


Coarse 
Medium 
Fine 
Very fine 


Gravel 


Coarse 
Medium 
Fine 
Very fine 


Coarse 
Medium 
Fine 
Very fine 


Ce yarse 
Medium 
Fine 
Very fine 


Coarse 
Medium 
Fine 
Very fine 


Colloid 


GRADE SCALE, ALLING, 


1942 


Boulderston¢ 


Cobblestone 


Graveiston¢ 


Sandstone 


Siltstone 


Claystone 


‘olloidstone 





GLACIAL POTHOLES ON OUTPOST ISLANDS, GREAT SLAVE 
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ABSTRACT 
A group of glacial potholes on Outpost Islands, Great Slave Lake, is described, and their bearing on the 
origin of glacial potholes discussed. It is concluded that such potholes are formed by moulins from which the 
water impinges on the bedrock at an angle and also by subglacial streams flowing away from such mouwins, 


INTRODUCTION 

During the summer of 1937, while en- 
gaged in the development of gold claims 
on the Outpost Islands in Great Slave 
Lake, Northwest Territories, the writer 
found and mapped a group of potholes. 
One of these ranks among the largest so 
far described. Because of this and other 
characteristics, their occurrence seems to 
merit recording. 

The Outpost Islands form an archi- 
pelago 25 miles due north of the eastern 
side of the Slave River Delta. The holes 
are on one of the western islands of the 
group, on mineral claim Fox 18 which is 
part of the property of the Great Slave 
Lake Gold Mines Company. 

The topography is typically pre-Cam- 
brian with low relief. Glacial planing has 
been strong in the Great Slave Lake area 
and shows well in the Outpost Islands, 
where all formations, except the quartz- 
ites, have been planed into whaleback 
shapes and glacial pavements. The aver- 
age elevation of the islands is 40~50 feet 
above lake level, with some areas of 
quartzite reaching heights of 200 feet. 
There is very little drift, about one-half 
the land surface being bare rock. 


DESCRIPTION OF POTHOLES 


The potholes are cut into hard arkose. 
They are sharply incised from the sur- 


2 


/ 


face and, with one or two exceptions, 
have vertical walls. The largest hole is 
on the highest point of land in the vicin- 
ity, some 40 feet above the lake. From 
this place the rock slopes rather sharply 
to the lake to the northwest and south- 
east and gradually to the southwest. The 
ridge on which the hole occurs continues 
toward the northeast at about the same 
elevation. There is no land form of any 
kind to provide a waterfall to incise the 
large hole. Some of the other holes are 
on the rock slope to the northwest al- 
ready mentioned. 

The horizontal dimensions of the large 
hole are 28 X 25 feet. Vertically, it is 15 
feet to the top of the debris, on which 
stood 4 feet of water. This seems to be 
near the maximum size attained by pot- 
holes. One with a diameter of 30 feet is 
described by P. McKellar.t One in Penn- 
sylvania* is 42 X 24 feet, but this may 
be a compound pothole above, merging 
into a single hole with depth. The larg- 
est in the Interstate Park near Taylor’s 
Falls, Minnesota, is 27 X 25 feet. 

The depth of only one of the Outpost 
holes was ascertained. This hole had a 
diameter of 4 feet, was 5 feet down to the 

“On Potholes North of Lake Superior Uncon- 


nected with Existing Streams,” Bull. Geol. Soc. 
Amer., Vol. I (1890), pp. 568-60. 


2C. C. Ashburner, Geol. Surv. of Pa. Ann. Rept. 
(1865), pp. 615-25. 


7O 








Fic. 2.—View of large pothole 
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top of the debris, and contained 5 feet of 
debris, mostly cobbles, sand, and gravel. 
The Interstate Park holes are the deep- 
est known. One of these, with a diameter 
of 10-12 feet, has been excavated to a 
depth of 84 feet without reaching bed- 
rock. These holes, however, are stream 
waterfall potholes, as they are located in 
the postglacial gorge of the St. Croix 
River.’ This fact was further substanti- 
ated in 1905, when, during the damming 
of the river for a power plant, potholes 
were seen exposed close to where the foot 
of the falls had been in 1904.4 Such great 
depths may not be attained by glacial 
potholes, owing to a lesser degree of per- 
manence than have river falls over re- 
sistant rock. 

The material taken from the Outpost 
pothole was roughly sorted into an upper 
3 feet of cobbles, gravel, and sand and a 
lower 2 feet of gravel and sand with only 
sand next to rock bottom. The cobbles 


were of a variety of rock types and in 
varying stages of roundness, which in 
part were based on the structural nature 


of the rock. A number of cobbles of 
almost perfect roundness were found. 
Of these, the gabbroic type predomi- 
nated, no doubt owing to the homoge- 
neity and toughness of this rock. Max- 
imum diameters were about 4 inches. 
Bedrock at the bottom of the hole was 
smooth. The removal of material from 
this hole had an economic, rather than a 
scientific, motive, as there were high- 
grade gold veins about 5 mile distant, 
and it was hoped that some nuggets 
might be trapped. Careful panning 
showed no colors. Thus, instead of a sci- 
entific pursuit yielding an economic re- 
sult, in this case the tables were turned. 

3 R. T. Chamberlin, “The Glacial Features of the 


St. Croix Dalles Region,” Jour. Geol., Vol. XIII 
(1905), pp. 254-55, and personal communication. 


4 Chamberlin, personal communication. 
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Partial holes also occur in this locality. 
Just northwest of the large hole is a ser- 
rated scarp from 10 to 15 feet high which 
is formed by a series of partial holes, as 
shown on the plan (Fig. 3). They appear 
to have been a series of linked or joined 
holes with diameters up to 20 feet from 
which one side has completely disap- 
peared. Drift at the foot of the scarp ob- 
scures the deeper parts of these holes. 

The linked holes are an interesting fea- 
ture of this pothole occurrence. In most 
cases the linking appears to be due to a 
recession of the cutting agent northeast- 
ward up the slope. Following, or perhaps 
even during, the formation of each hole, 
another seems to have been started above 
it; and this eventually joined it. In one 
case the partition between two holes has 
been cut through some 8 feet below the 
surface, so that, by stooping, it is pos- 
sible to walk from one hole into the other. 
A spruce tree some to inches in diameter 
is growing in one of these holes. 

A significant fact about the Outpost 
Island holes is that they are cut into 
striated surfaces. This is further empha- 
sized by grooves an inch or more deep, 
worn into the striated rock surface by 
the overflow from some of the holes. 
These waterworn surfaces themselves 
show nostriation. Thus there was no gla- 
cial erosion following the formation of the 
potholes, dating them with the last gla- 
cier recession. This overflow erosion is 
distinct enough to show the direction of 
water flow, as indicated by the arrows on 
the plan. This is about normal to the di- 
rection of glacier movement, which here 
was from a direction N. 60° E. 

In addition to the grouped potholes 
just described, small, isolated holes about 
6 inches in diameter were seen in the 
areas of quartzite a mile away. There 
was no stream action associated with 
these outside the holes themselves. 
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Fic. 3.—Plan of potholes, Outpost Islands, Northwest Territories 
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BEARING ON POTHOLE ORIGIN 

Pothole literature is relatively scarce. 
A fairly complete set of references may 
be found in papers by Warren Upham’ 
and H. S. Alexander.® Additional signifi- 
cant references are papers by J. E. Marr? 
and W. Stanley.* Upham’s paper sum- 
marized opinions and evidence. His gen- 
eral conclusion was that glacial potholes 
were largely the work of glacial mills, or 
moulins. 

For the largest and deepest of the giant’s 
kettles ....I cannot doubt that the pothole 
was cut down exactly at the foot of a great 
and very deep moulin by its powerful descend- 
ing current.? 


This hypothesis was challenged by 
Alexander, who attempted to reproduce 
these conditions artificially. As glacial 
potholes are the result of an eddying ac- 
tion, he produced an eddying by means 
of a directed water jet; but at no time 
was he able to cause an eddying motion 
by vertical or near-vertical streams. The 
maximum effect was secured through a 
jet set at an angle of 60° from the hori- 
zontal. The writer has also tried by vari- 
ous means to produce a circular motion 
in a column of water by a vertically fall- 
ing current. This can be done only where 
the vertically falling water is deflected by 
striking a sloping surface. However, 
these experiments only demonstrate that 
eddy holes cannot be formed exactly at 
the foot of a vertical moulin. 

Alexander further says: 


5 “Giant’s Kettles Eroded by Moulin Torrents,” 
Bull. Geol, Soc. Amer., Vol. XII (1901), pp. 25-44. 

6 “Pothole Erosion,” Jour. Geol., Vol. XL (1932), 
PP. 3°5-37- 

7“The Kailpot, Ullswater,” 
LXII (1926), p. 338. 

8 “Pleistocene Potholes in Clarke Mountains, On- 
tario,” Mich. Acad. Sci. Papers, Vol. XTX (1934), 
Ppp. 401-12. 

9 Op. cit., p. 29. 


Geol. Mag., Vol. 
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The main objection to the hypothesis lies in 
the difficulty of conceiving the moulin as exist- 
ing long enough in the necessary definite form at 
the same spot or as reforming in the same man- 
ner and in the same spot often enough to ac- 
count for the work accomplished.'° 


This leads him to the conclusion that 
glacial potholes are formed only by sub- 
glacial streams which appear near the 
margin of the retreating ice. 

There is no doubt that some potholes 
are formed in this manner. A number of 
the Outpost holes occurring on the north- 
western slope to the lake were formed by 
subglacial streams, as is clearly shown by 
the grooves incised in the bedrock by the 
overflow from holes higher up. It is not 
true, however, for the large hole which 
occurs on the crest of the ridge with no 
higher topographic form to give it a fall 
and with no evidence of stream action 
leading to the hole. A reasonable as- 
sumption is that the water here poured 
through the ice at a steep angle in con- 
siderable volume. 

It is a matter of record that glacial 
potholes commonly appear where there 
are surface irregularities in the bedrock 
and consequently where crevasses are 
likely to occur in overriding ice. Such 
crevasses should persist as long as there 
are no great changes in the shape either 
of the underlying bedrock or of the ice 
above by excessive melting. The former 
is unlikely to take place where the rock 
is resistant and the glacial movement 
slow. The ice sheet might well remain 
thick for many years, particularly in the 
latitude of Great Slave Lake; and under 
some conditions water courses might con- 
tinue the same summer after summer. 

The length of time it takes a pothole 
to form must depend largely upon the 
hardness of the rock and the whirling 
speed of the water. Upham suggests that 


10 Op. cit., p. 314. 
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a single season might be long enough in 
some cases. Many glacial potholes are 
found in resistant pre-Cambrian rock, 
and it seems more likely that a moulin 
would remain in the same place for a 
number of years than that an eddy hole 
could be cut in one season. 

A slowly retreating moulin might ex- 
plain the linked holes at Outpost Islands. 
A hypothesis for the partial holes is more 
difficult to find. Upham suggests that 
one-half the hole was ice. This is hardly 
possible, owing to the great difference in 
the hardness of ice and rock. In the case 
of the single holes, they might have been 
started close to the edge of a slope and 
cut out to it. The escaping water could 
have worn down the thin edges remain- 
ing, and eventually a half or three-quar- 
ter round hole appeared. In the case of 
the serrated scarp formed of partial 
round holes, a series of linked holes may 
have been started near the edge of an 
earlier scarp and, retreating parallel to it, 
cut off a slab, which, falling away, left a 
new serrated scarp. The linked holes just 
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northeast of the scarp show this possibil- 
ity, as may be seen from the plan. 


SUMMARY 


The potholes described at Outpost 
Islands appear to have developed during 
the last glacial retreat from that area. 
The location of the largest one and some 
of the others suggests that the water 
which formed them flowed downward 
from the surface of the ice. Others were 
formed by the runoff from these holes. 
Vertically falling water cannot produce 
the eddying currents necessary to cut 
potholes, but water emerging from the 
ice at an inclined angle can do so. The 
moulin hypothesis, modified to give the 
water an angle from the vertical at its 
point of emergence from the ice, will ex- 
plain the holes on topographic highs on 
the Outpost Islands and other places. It 
is considered that crevasses caused by the 
configuration of the underlying bedrock 
would remain in the same positions for a 
sufficient number of years to permit the 
cutting of the holes. 





STUDIES FOR STUDENTS 


THE ASSCCiIATION OF COLLEGE GEOLOGY TEACHERS: 
REFERENCE LIST IN EARTH SCIENCES! 


Compiled by 
LINCOLN R. THIESMEYER 
Institute of Gas Technology 

Chicago, Illinois 


FOREWORD 

A teacher, ordinarily well acquainted 
with textbooks in his special field, is com- 
monly not so familiar with the best works 
of a popular and semipopular nature. 
This bibliography is intended as a me- 
dium through which he may encourage 
the interest and guide the reading both 
of his students and of the laymen who oc- 
casionally seek references.? It should 
prove especially helpful to those nonpro- 
fessional students and alumni who wish 
to pursue geology beyond the course or 
two of their college programs. 


Preparation of the list was inspired by 
the major objectives of the Association 


....to foster unity and cooperation among 
college teachers of the earth sciences, ... . to 
promote high standards of college instruction, 
....to emphasize the cultural significance of 


' This list is a combination of three separate lists 
issued by the Association in mimeographed form 
each year since 1940. An increasing demand from 
all over the country has demonstrated their useful- 
ness. The editors of the Journal of Geology are glad 
to encourage this contribution to improved teaching 
and popularization of earth sciences by providing 
wider circulation of the combined list. 


2 The Scientific Book Club Review has been invalu- 
able in gathering this material. Readers are referred 
to it for editorial comment on many of the works 
listed. The writer is also indebted to the many col- 
leagues who helped to prepare the list, and he will 
welcome corrections, additions, or suggestions for 
further improving this service to geology teachers 
and laymen. 


the earth sciences, and to disseminate accurate 
geological knowledge to the public. 


The list is admittedly incomplete. It 
includes only those books (and a few spe- 
cial articles) that have come to the com- 
piler’s attention and have been recom- 
mended by competent geologists during 
the last three years. Omission of a book 
is not an adverse criticism of it; and in- 
clusion on the list is not a guaranty of 
perfection. The order of listing is of no 
significance. Some textbooks are includ- 
ed to provide interested laymen with ref- 
erences to standard works. 


MAJOR SUBDIVISIONS 


General Geology 
Special Topics 

Geomorphology (Landscapes and Scenery 
Earthquakes and Volcanoes 
Glaciation 
Deserts 
Weather (Meteorology) 
Miscellaneous 

Historical Geology and Paleontology 
Plant Evolution (Paleobotany) 
Animal Evolution 
Human Evolution (Anthropology) 

Economic Geology and Geography 
Conservation 
Minerals and Gemstones 
Coal, Petroleum, and Natural Gas 
Metals 

History of Geology 

Geography and Exploration 

Military Geology 

Earth’s Place in the Universe (Astronomy 





STUDIES FOR STUDENTS 


GENERAL GEOLOGY: 


. Victor T. ALLEN. This Earth of Ours. 
Bruce Publishers, 1939. $3.50. Ryerson 
Press, 1939. $2.50. 

. CARROLL LANE FENTON. Our Amazing 
Earth. Doubleday, Doran, 1938. $4.50. 

. ALLAN L. BENSON. The Story of Geology. 
New York: Cosmopolitan Book Corp., 1931. 
$5.00. 

A. K. F. MATHER. Old Mother Earth. Harvard 
University Press, 1928. $2.50. 

. Wituts T. LEE. Stories in Stone. Chautau- 
qua Press, 1927. $6.00. 

. CARROLL LANE FENTON and MILDRED 
ADAMS FENTON. The Rock Book. Double- 
day, Doran, 1940. $6.00. 

. C. G. CRonets and W. C. KRuMBEIN. Down 
to Earth. University of Chicago Press, 1936. 
93-75. 

_S. J. SHanp. Earth Lore. E. P. Dutton & 
Co., 1938. $1.75. 

. W. H. Hosss. Earth Features and Their 
Veaning. 2d ed. Macmillan, 1931. $4.50. 

. CHARLES SCHUCHERT and CLARA M. LE- 
VENE. The Earth and Its Rhythms. Apple- 
ton, 1927. $4.00. 

. J HARLEN Bretz. Earth Sciences. Wiley, 
1940. $1.50. 

Kart Mosetey. The Earth for Sam. Har- 
court, Brace, 1930. $3.50. 

RAMON CoFFMAN. The Child’s Story of Sci- 
ence. G. P. Putnam Sons, 1939. $2.50. 

>. W. M. Acar, R. F. FLint, and C. R. Lonc- 
WELL. Geology from Original Sources. Holt, 
1929. $3.75. 

>. M. P. Briiuncs. Structural Geology. Prentice- 
Hall, 1942. $4.50. 

F. H. LAHEE. Field Geology. 4th ed. Mc- 
Graw-Hill, 1941. $5.00. 

. N. E. A. Hinps. Geomorphology. Prentice- 
Hall, 1942. $5.00. 

.. C. A. Corron. Geomorphology. 3d ed. Whit- 
combe & Tombs, Ltd., 1942. 

A. K. Losecx. Geomorphology. McGraw- 
Hill, 1939. $5.00. 

O. D. von ENGELN. Geomorphology. Mac- 
millan, 1942. $4.50. 


The key letters indicate: A, written primarily 
for the layman in lucid, entertaining style—popular- 
ized science; B, more technical works designed for 
the layman and for the beginning student; C, text- 
books and important technical articles; and J, writ- 
ten primarily for children—juvenile books. 


C. 


EDWARD GREENLY and HOWEL WILLIAMS. 
Methods in Geological Surveying. London: 
Thos. Murby & Co., 1930. $7.00. 


SPECIAL TOPICS 


LANDSCAPES AND SCENERY 


A. A. K. Lopeck. Airways of America (Guide- 


book No. 1). Geographical Press, Columbia 
University, 1933. $2.50. 


. W. W. Atwoop. Physiographic Provinces of 


North America. Ginn, 1940. $4.80. 


. RopericK Péeattie. Mountain Geography. 


Harvard University Press, 1936. $4.00. 
C. A. Cotton. Landscape. Macmillan, 1942. 
$6.00. 


>. F. B. Loomis. Physiography of the United 


States. Doubleday, Doran, 1938. $2.75. 


. N. E. A. Hinps. Geomorphology. Prentice- 


Hall, 1942. $5.00. 


>. A. K. LoBeck. Geomorphology. McGraw- 


Hill, 1939. $5.00. 


>. O. D. von ENGELN. Geomorphology. Mac- 


millan, 1942. $4.50. 


. DANIEL E. WILLARD. Adventures in Scenery: 


A Popular Reader of California Geology. Lan- 
caster, Pa.: Jacques Cattell Press, 1942. 


$3.75. 


>. D. W. Jounson. New England Acadian 


Shoreline. Wiley, 1925. $8.50. 


A. F.M. FRyxe i. The Tetons: Interpretations 


of a Mountain Landscape. University of Cal- 
ifornia Press, 1938. $1.50. 


_O. W. FREEMAN and H. W. Martin. The 


Pacific Northwest. Wiley, 1942. $4.00. 


. R.L. G. Irvinc. Ten Great Mountains. E. 


P. Dutton & Co., 1940. $3.75. 


. W.D. Smitu. The Scenic Treasure-House of 


Oregon. Portland: Binford & Mort, 1941. 
$2.00. 


A. Howe WiiiiAms. Crater Lake: The Story 


of Its Origin. University of California Press, 
1941. $1.75. 

C. M. Baver. The Story of Yellowstone 
Geysers. Haynes Inc., Yellowstone Park, 
Wyo., 1937. $1.50. 


. C. A. Corton. Climatic Accidents in Land- 


scape Making. Macmillan, 1942. $4.75. 


. GLENN C. Forrester. ‘The Story the Rocks 


Tell about Niagara Falls,’’ Amer. Chem. Soc. 
(News ed.), Vol. XX (1942), pp. 899-902. 


>. J. J. van Nounvys. “Geologic Interpreta- 


tion of Aerial Photographs,’ Amer. Inst. 
Mining Engineers Tech. Pub. 825 (1937); 
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A. GAYLE PICKWELL. Deserts. 


Amer. Inst. Mining Engineers Transactions, 
Vol. CX XVI (1937), pp. 507-624. 

. W. F. Heavey. Map and Aerial Photo Read- 
ing Simplified. Harrisburg: Military Service 
Publishing Co., 1940. $1.00. 

. H. T. U. Smiru. “Aerial Photographs in Ge- 
omorphic Studies,” Jour. Geomorph., Vol. IV 
(1941), pp. 171-205. 

. J. L. Ricu. “A Bird’s-Eye Cross Section of 
the Central Appalachian Mountains and 
Plateau: Washington to Cincinnati,” Geog. 
Review, Vol. XX1IX (1939), pp. 561-86. 


EARTHQUAKES AND VOLCANOES 


. Joseph Lyncu. Our Trembling Earth. 
Dodd, 1940. $3.00. 

. C. Davison. Great Earthquakes. London: 
Thos. Murby & Co., 1936. 175. 6d. 

. N. H. Heck. Earthquakes. Princeton Uni- 
versity Press, 1936. $3.50. 


A. Hower WIitirAms. Crater Lake: The Story 


of Its Origin. University of California Press, 
1941. $1.75. 

. C. Davison. The Japanese Earthquake of 
1923. London: Thos. Murby & Co., 1931. 
. ANGELO HEILPRIN. Mont Pelee and the Trag- 
edy of Martinique. Lippincott, 1903. $3.00. 


GLACIATION 


. W. H. Hosss. Characteristics of Existing 
Glaciers. Macmillan, 1911. $3.75. 

. A. P. Coteman. The Last Million Years. 
Ed. G. F. Kay. University of Toronto Press, 
1941. $3.50. 

. R. A. Daty. The Changing World of the Ice 
Age. Yale University Press, 1934. $5.00. 

>’. W. B. Wricut. The Quaternary Ice Age. 
2d. ed. Macmillan, 1937. $6.00. 

. A. P. Coteman. Ice Ages, Recent and An- 
cient. Macmillan, 1926. $3.50. 

. C. A. Cotton. Climatic Accidents in Land- 
scape Making. Macmillan, 1942. $4.75. 


A. L. M. Goutp. Cold. Brewer Warren & Put- 


nam, 1931. $3.50. 


A. W. H. Hosss. Explorers of the Antarctic. 


House of Field, Inc., 1941. $3.50. 


A. W. CarRison. Greenland Lies North. Mac- 


millan, 1940. $3.00. 


DESERTS 
McGraw-Hill, 
1939. $3.50. 


A. Paut B. Sears. Deserts on the March. Uni- 


versity of Oklahoma Press, 1935. $2.50. 


>. M. P. Briurncs. Structural Geology. 


LINCOLN R. THIESMEYER 


. Epmunp C. JAEGER. The California Deserts. 
Stanford University Press, 1933. $2.00. 


A. SVEN HEDIN. Across the Gobi Desert. E. P. 


Dutton & Co., 1932. $5.00. 

. E. F. Gautier. Sahara: The Great Desert. 
Columbia University Press, 1935. $3.75. 

. CHRISTINE P. GRANT. The Syrian Desert. 
Macmillan, 1938. $5.00. 


WEATHER 


. GAYLE PICKWELL. Weather. McGraw-Hill, 
1938. $3.00. 


A. W. J. Humpureys. Ways of the Weather. 


Lancaster, Pa.: Jacques Cattell Press, 1942. 
$4.00. 

. GLENN T. TREWARTHA. An Introduction to 
Weather and Climate. McGraw-Hill, 1937. 
$3.00. 

. IvAN R. TANNEHILL. Hurricanes: Their Na- 
ture and History. Princeton University 
Press, 1938. $3.50. 

. W. H. WenstROM. Weather and the Ocean of 
Air. Houghton Mifflin, 1942. $4.50. 

. Ertc SLOANE. Clouds, Air and Wind. Dev- 
in-Adair Co., 1941. $2.50. 

. THoMAS A. Briarr. Climatology, General and 
Regional. Prentice-Hall, 1942. $4.00. 

. THomas A. Biarr. Weather Elements. Rev. 
ed. Prentice-Hall, 1942. $4.00. 


MISCELLANEOUS 


A. B. WEBSTER SmitH. The World under the 


Sea. Appleton-Century, 1940. $3.00. 


>. H. W. SverpRup. The Oceans. Prentice- 


Hall, 1942. $8.00. 

M. L. GuBERLET. The Seashore Parade. 
Lancaster, Pa.: Jacques Cattell Press, 1942. 
$1.75. (Marine invertebrate life.) 


. NORBERT CASTERET. Ten Years under the 


Earth. Greystone, 1938. $3.00. (A study of 
caves.) 

. Douctas Jounson. The Origin of Submarine 
Canyons. Columbia University Press, 1940. 
$2.50. 

. Hans JENNY. Factors of Soil Formation. 
McGraw-Hill, 1941. $3.50. 

. C. F. SHarpe. Landslides and Related Phe- 
nomena. Columbia University Press, 1938. 
$3.00. 

. H. H. NININGER. Our Stone-pelted Planet. 
Houghton Mifflin, 1933. $3.00. 

Pren- 
tice-Hall, 1942. $4.50. 

. R. A. Daty. The Architecture of the Earth. 
Appleton-Century, 1938. $3.00. 





>. L. C. SNIDER. 


STUDIES FOR STUDENTS 


. WALTER H. Bucuer. The Deformation of the 
Earth’s Crust. Princeton University Press, 
1933. $5.00. 

. C. E. Ketitocc. The Soils That Support Us. 
Macmillan, 1942. $3.50. 


HISTORICAL GEOLOGY AND 
PALEONTOLOGY 


. Joun HopGDON BRADLEY. Autobiography of 
Earth. Coward-McCann, 1935. $3.00. 

. W. O. Hotcuxiss. Story of a Billion Years. 
Williams & Wilkins, 1932. $1.00. 

_W. J. Miter. The Story of Our Earth. 
“Popular Science Library,” Vol. III. P. F. 
Collier & Son, 1922; 1930. 

. GEORGE Gamow. Biography of the Earth. 
Viking Press, 1941. $3.00. Macmillan, 1941. 
$4.00. 

. Witty Ley. Days of Creation. 
McLeod, Ltd., 1941. $2.75. 

. W. H. Braptey. ‘The Biography of an An- 
cient American Lake,” Scientific Monthly, 
Vol. XLII (1936), pp. 421-30. (Beautifully 
written account of Eocene sediments and life 
in part of the western United States.) 

. Joun HopGDon BRADLEY. The Earth and Its 
History. Ginn, 1928. $2.60. 

. L. W. and G. L. Ricuarps. Geologic History 
ata Glance. Stanford University Press, 1934. 
$0.25. (A chart.) 

. LivyraANn Rirxrin. Our Planet the Earth Then 
and Now. Lothrop, 1934. $1.75. 

. C. ScoucHERT and C. M. LEVENE. 
Earth and Its Rhythms. Appleton, 
$4.00. 

. Cuttps Frick, W. D. MATTHEW, and OTH- 
ERS. “The Romance of Fossil Hunting,” 
Natural History, September—October, 1926. 
. CARROLL LANE FENTON. The Story of Fos- 
sils. Reynal, 1937. $3.50. 

.R.S. Luiz. Fossils. New York: University 
Society, 1931. 

>. R. M. Fretp. Principles of Historical Geol- 
ogy from the Regional Point of View. Prince- 
ton University Press, 1933. $2.00. 
Earth History. 
Century, 1932. $3.75. 

>. C. S. Scuucuert and C. O. DunBAR. Text- 
book of Geology, Part 11: Historical Geology. 
4th ed. Wiley, 1941. $4.00. 

>. H. W. SHimer. An Introduction to the Study 
of Fossils. Macmillan, 1938. $4.00. 

*. G.D. Hanna. Methods in Paleontology. Uni- 
versity of California Press, 1937. $2.50. 
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WINIFRED GOLDRING. Handbook of Fossils. 
“New York State Museum Series,” 1929 
31. $1.50; $1.25. 


. C. W. Grimes. A Story Outline of Evolution. 


Somerville, N.J.: C. P. Headland, 


$2.00. 


1937- 


. H. F. Osporn. The Origin and Evolution of 


Life. Scribner’s, 1917. $4.00. 


> R. S. LuLL. Organic Evolution. Macmillan, 


1929. $5.00. 


. GRIFFITH TAYLOR. Environment, Race, and 


Migration. University of Chicago Press, 


1937. $4.00. 


>. RrcHARD GOLDSCHMIDT. The Material Basis 


of Evolution. Yale University Press, 1940. 
$5.00. Ryerson Press, $6.00. 


A. R. BeutNnerR. Life’s Beginning on the Earth. 


Wood, 1938. $3.00. 


. A. I. Opartin. The Origin of Life. Macmil- 


lan, 1938. $2.75. 


PLANT EVOLUTION (PALEOBOTANY) 


A. DONALD CULROSS PEATTIE. Flowering Earth. 


A. M. C. STOPES. 


pe es: Ms 


G. P. Putnam Sons, 1939. $2.50. 


. M.C. Coutter. Story of the Plant Kingdom. 


University of Chicago Press, 1935. $2.50. 
Ancient Plants. Van Nos- 
trand, 1910. $2.00. 


. G. R. WreELanp. American Fossil Cycads. 


2 vols. Carnegie Institute, 1916. $6.25 each. 


. L. H. Tirrany. Algae: The Grass of Many 


Waters. Baltimore: Chas. C. Thomas, 1938. 
$3.50. 


. F.H. Know ton. Plants of the Past. Prince- 


ton University Press, 1927. $3.50. 
DarRRAH. Textbook of Paleobotany. 
Appleton-Century, 1939. $6.00. 


>. JoHN WALTON. An Introduction to the Study 


of Fossil Plants. Macmillan, 1940. $3.75. 


>. H. J. Futter. The Plant World. Holt, 1942. 


$3.25. 


ANIMAL EVOLUTION 


. E. R. LANKESTER. Extinct Animals. Holt, 


1905. $1.75. 


. F. A. Lucas. Animals before Man in North 


America. Appleton, 1902. $1.25. 


. S. W. Wituston. Water Reptiles of the Past 


and Present. University of Chicago Press, 
1914. $3.00. 


A. F. E. Bepparp. The Book of Whales. Put- 


nam, 1900. $2.50. 


. C. R. Knicut. Before the Dawn of History. 


McGraw-Hill, 1935. $2.50. 
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. H. G. SEELEY. Dragons of the Air. 


>’. A. S. Romer. Man and the Vertebrates. 


. W. J. SoLtas. 


. G. G. MacCurpy. Human Origins. 


. GRIFFITH TAYLOR. 


A. Witty Ley. The Lungfish and the Unicorn. 


Modern Age Books, Inc., 1941. $2.75. 


. JoHN HopGpon BrapLey. Parade of the Liv- 


ing. Coward-McCann, 1930. $3.00. 


. JoHN Hopcpon Brap ey. Patterns of Sur- 


vival. Macmillan, 1938. $2.25. 

London: 
Methuen & Co., 1901. 

M. L. GuBERLET. The Seashore Parade. 
Lancaster, Pa.: Jacques Cattell Press, 1942. 
$1.75. (Marine invertebrate life.) 

R.S. Luty. The Ways of Life. Harper, 1925. 
$3.00. 

RAYMOND L. Dirmars and HELENE CARTER. 
The Book of Prehistoric Animals. Lippincott, 
1935. $2.00. 

H. O. WuItNaLL. A Parade of Ancient Ani- 
mals. T. Y. Crowell Co., 1936. $2.00. 

W. W. Rostnson. Beasts of the Tar-Pits. 
Macmillan, 1932. $2.00. 

W. W. Rosinson. Ancient Animals. Mac- 
millan, 1934. $2.50. 

Percy E. Raymonp. Prehistoric Life. Har- 
vard University Press, 1939. $5.00. 


*. W. B. Scott. A History of Land Mammals 


in the Western Hemisphere. Macmillan, 1937. 
$7.50. 
2d 


ed. University of Chicago Press, 1941. $3.50. 


HUMAN EVOLUTION (ANTHROPOLOGY) 


K. F. Matuer. Sons of the Earth. Norton, 
1930. $3.50. 

EARNEST A. Hooton. 
Macmillan, 1931. $5.00. 


Up from the Ape. 


. Earnest A. Hooton. Apes, Men and Mo- 


rons. Putnam, 1937. $3.00. 


. L. S. B. LEAKEY. Adam’s Ancestors. 3d ed 


Longmans, 1935. $3.20. 

Ancient Hunters. 
Macmillan, 1924. $6.50. 

E. W. PFIZENMAYER. 
Mammoth. London: 
$3.75. 


3d ed. 


Siberian Man and 
Blackie & Son, 1939. 


2 vols. 


Appleton, 1924. $10. 


. H. F. Ossorn. Men of the Old Stone Age. 


3d ed. Scribner’s, 1919. $5.00. 
Environment, Race, and 
Chicago Press, 


Migration. University of 


1937. $4.00. 


. ALBERT E. Jenks. Pleistocene Man in Min- 


nesota. University of Minnesota Press, 1936. 
$7.50. 


Cc. 


> 


. GEORGE GRANT MacCurpy. 
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WILL1AM K. Grecory. Man’s Place among 
the Anthropoids. Oxford University Press, 
1934. $2.50. 

Early Man. 
Lippincott, 1938. $5.00. 

M. [tin and E. SEGAL. How Man Became a 
Giant. Lippincott, 1942. $2.00. 


ECONOMIC GEOLOGY AND 
GEOGRAPHY 
EDWARD F. FirzHuGu, Jr. Treasures in the 
Earth. Caxton Printers, 1936. $2.00. 


*. Witi1AM H. Emmons. Principles of Econom- 


ic Geology. 2d ed. McGraw-Hill, 1941. $4.00. 


C. STAFF OF FOREIGN MINERALS Division, 
U.S. BuREAU OF Mines. Mineral Raw M ate- 
rials: Survey of Commerce and Sources in 
Major Industrial Countries. McGraw-Hill, 
1936. $5.00. 

C. ALAN M. BATEMAN. Economic Mineral De- 
posits. Wiley, 1942. $6.50. 

C. R. F. Leccettr.: Geology and Enginecring 
McGraw-Hill, 1939. $4.50. 

C. D. G. RuNNER. Geology for Civil Engineers. 


“ 


A. 


>. WaLTeR H. VoskurL. Minerals in 


. STUART CHASE. 


. CARLETON 


Chicago: Gillette, 1939. $5.00. 


Modern 
Industry. Wiley, 1930. $3.75. 


. OLIVER BowLes. The Stone Industries. Mc- 


Graw-Hill, 1934. $5.00. 


>. E. R. Littey. Economic Geology of Mineral 


Deposits. Holt, 1936. $5.00. 


CONSERVATION 


. KATHERINE GLOVER. America Begins A gain. 


McGraw-Hill, 1939. $2.75. 

Richland, Poorland 
Graw-Hill, 1936. $2.50. 

RussELL Lorp. Behold Our Land. Hough- 
ton Mifflin, 1938. $3.00. 

PauL B. Sears. This Is Our World. Uni 
sity of Oklahoma Press, 1937. $2.50. 
Beats. American Earth: The 
Story of Our Land. Lippincott, 1939. $3.00. 


Mc- 


ver- 


. G. V. Jacks and R. O. WuytTe. Vanishing 


Lands: A World Survey of Soil Erosion. 
Doubleday, Doran, 1939. $4.co. 

Harry E. FLYNN and FLOoyD PERKINS. Con- 
servation of the Nation’s Resources. Macmil- 
lan, 1941. $1.60. 

RAPHAEL Zon. Conservation of Renewable 
Natural Resources. University of Pennsyl- 
vania Press, 1941. $2.50. 

Davin O. Woopsury. The Colorado Con- 
quest. Dodd, Mead & Co., 1941. $2.50. 
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B. A. E. Parkins and J. R. WHITAKER. Our 
Natural Resources and Their Conservation. 


Wiley, 1936. $5.00. 


B. C. K. Lerrn. World Minerals and W orld Poll- 
itics. McGraw-Hill, 1931. $3.00. 

c. A. F. Gustarson, H. Ries, C. H. GulIseE, 
and W. J. HAMILTON, JR. Conservation in the 
United States. Ithaca: Comstock Publishing 
Co., 1939. $3.00. 

C. G. T. RENNER. Conservation of Natural 
Resources. Wiley, 1942. $2.75. (Text for 
teachers’ colleges ) 

C. C. E. Kettocc. The Soils That Support Us. 
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. GEORGE L. 


>. E. D. Dana. Manual of Mineralogy. 
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. HERBERT P. WHITLOCK. 


Macmillan, 1941. $3.50. 


MINERALS AND GEMSTONES 


L. P. GratacaP. A Popular Guide to Min- 
erals. Van Nostrand, 1912. $4.00. 


. ALFRED C. HAwkins. The Book of Minerals. 


Wiley, 1935. $1.50. 
ENGLISH. Gelling Acquainted 


with Minerals. McGraw-Hill, 1934. $2.50. 


. J. CoGcin Brown. India’s Mineral Wealth. 


Oxford University Press, 1936. 


. C. J. Pururrs. Glass: The Miracle Maker. 


Pitman Publishing Corp., 1941. $4.50. 

15th 
ed. by C. S. HuRLBvt, Jr. Wiley, IQg4l. 
$4.00. 


Grout. Kemp’s Handbook of Rocks. 
6th ed. Van Nostrand, 1940. $3.00. 


. WritraM T. BAxTER. Jewelry: Gem Cutting 


and Metalcraft. Rochester, N.Y.: Ward’s 
Natural Science Establishment. $2.50. 


. Louts Kornitzer. The Bridge of Gems. Lon- 


don: Geoffrey Bles, 1939. $2.75. 


. J.C. Fercusson. Diamonds and Other Gems. 


Los Angeles: The author, 207 Haas Bldg., 
1927. 

Wituramson. The Book of Amber. 
London: Ernest Benn, Ltd., 1932. 

The Story of the 
Gems. Furman, 1936. $3.50. 


. L. J. Spencer. A Key to Precious Stones. 


London: Blackie & Son, Furman, 


1937. $2.75. 


1936; 


. G. F. Kunz. The Curious Lore of Precious 


Stones. Lippincott, 1913. $5.00. 


>. E. H. Kraus and E. F. HoLtpen. Gems and 


Gem Materials. 2d ed. McGraw-Hill, 1931. 
$3.00. 

STANLEY CHARLES Nott. Chinese Jade 
through the Ages. Scribner’s, 1937. $15. 


STUDIES FOR STUDENTS 


COAL, PETROLEUM, AND NATURAL GAS 


A. R.B.SHumaAn. The Petroleum Industry. Uni- 





>. Otto StuTzeER. Geology of Coal. 


. GLEN CHESNEY QUIETT. 


i 


versity of Oklahoma Press, 1940. $3.00. 
Henry A. Ley (ed.). Geology of Natural 
Gas: A Symposium. American Association 
of Petroleum Geologists, 1935. $6.00. 

Max W. BALL. This Fascinating Oil Busi- 
ness. McClelland, 1940. $3.75. Bobbs-Mer- 
rill, 1940. $3.00. 


. Gustav Ec torr. Earth Oil. Williams & Wil- 


kins, 1933. $1.00. 


. LEONARD M. FANNING. The Rise of Ameri 


can Oil. Harper, 1936. $2.50. 


. S. B. PETTENGILL. Hot Oil: The Problem of 


Petroleem. New York: Economic Forum 
Co., Inc., 1936. $2.50. 

WALLACE E. Pratt. Oil in the Earth. Uni 
versity of Kansas, Department of Geology, 


1942. $1.00. 


>. E.R. Littey. The Geology of Petroleum and 


$6.00. 
sth ed. 


Natural Gas. Van Nostrand, 1938. 
D. Hacer. Practical Oil Geology. 
McGraw-Hill, 1938. $4.00. 

L. L. NETTLETON. Geophysical Prospecting 
for Oil. McGraw-Hill, 1940. $5.00. 
Dorsey Hacer. Oil Field Practice. Mce- 
Graw-Hill, 1921. $3.00. 

L. C. Uren. Petroleum Production Engi- 
neering. 2d ed. McGraw-Hill, 1939. $6.00. 
lranslated 
and revised by Apotpu C. Nok. University 
of Chicago Press, 1941. $5.00. 


. WiiiiAM H. Emmons. Geology of Petroleum. 


2d ed. McGraw-Hill, 1931. $6.00 


METALS 


IRA B. JORALEMON. Romantic Copper: Its 
Lure and Lore. Appleton-Century, 1934. 
Pay Dirt. Apple- 
ton-Century, 1936. $4.50. 
KATHARINE FOWLER-LUNN. 
sus. Norton, 1938. $3.00. 
L. M. Nessitt. Gold Fever. Harcourt, Brace, 
1936. $2.50. 


The Gold Mis- 


BourKE LEE. Death Macmillan, 


1930. $4.00. 


Valley. 


. C. B. Gtasscock. The Big Bonanza. Bobbs- 


Merrill, 1931. $1.00. 


. C. B. Giasscock. The Comstock Lode Story. 


Crescent Library, 1935. $1.00. 
Golden Highway. 
Crescent Li- 


GLASSCOCK. A 
Bobbs-Merrill, 1934. $3.50. 
brary, 1936. $1.00. 
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B. 


. G. D. Lyman. 


. LAKE 


B. 


B. 


. DANIEL C. 


B. 


A. PAULDE Krutir. Seven Iron Men. Blue Rib- 


bon Books, 1934. $1.00. 

OLIVER Davies. Roman Mines in Europe. 
Oxford University Press; Clarendon Press, 
1935. $10. 


. WitrrAM LaVarr_e. Gold, Diamonds and Or- 


chids. New York: Fleming H. Revell Co., 
1935. $3.00. 


. HepLeEy A. CHILverRsS. Johannesburg: Out 


of the Crucible. New York: Frederick A. 


Stokes Co., 1933. 


. GRANT SHEPHERD. The Silver Magnet: Fif- 


ty Years in a Mexican Silver Mine. E. P. 
Dutton & Co., 1938. $3.00. 

The Saga of the Comstock 
Lode. Scribner’s, 1934. $3.50. 


. S. H. Hotsroox. Iron Brew: A Century of 


American Ore and Steel. Macmillan, 1939. 
$2.50. 

SUPERIOR IRON ORE ASSOCIATION. 
Lake Superior Iron Ores. Cleveland, 1938. 
$5.00. (Extra maps optional.) 


. T. A. Rickarp. Man and the Metals. 2 vols. 


McGraw-Hill, 1932. $10. 


HISTORY OF GEOLOGY 


K. F. MATHER and S. Mason. A Source 
Book in Geology. McGraw-Hill, 1939. $5.00. 
FRANK Dawson ApAms. The Birth and De- 
velopment of the Geological Sciences. Williams 
& Wilkins, 1939. $5.00. 


. L. L. Wooprurr (ed.). The Development of 


the Sciences. Yale University Press, 1941. 
$3.00. 


. W. M. Acar, R. F. FLInt, and C. R. Lonc- 


WELL. Geology from Original Sources. Holt, 
1929. $3.75. 


. T. A. RicKarpD. Retrospect. McGraw-Hill, 


1937. $3.00. 


. T. A. Rickarb. A Short History of American 


Mining. McGraw-Hill, 1932. $3.00. 


. HucH MILter. Old Red Sandstone. Every- 


man Book Co., 1925. $0.90. 


. MABEL L. RoBINSON. Runner of the Moun- 


tain Tops: The Life of Louis Agassiz. Ran- 
dom House, 1939. $3.00. 

GitMAN. The Life of James 
Dwight Dana. Harper, 1899. $2.50. 

Joun M. Crarke. Life of James Hall of Al- 
bany: Geologist and Paleontologist. Albany, 
1921. $3.70. 


. CHARLES SCHUCHERT and CLARA M. LE- 


VENE. O.C. Marsh: Pioneer in Paleontology. 
Yale University Press, 1940. $5.00. 


LINCOLN R. THIESMEYER 





C. C. Davison. The Founders of Seismology, 


. James W. BAGLEY. 


Cambridge University Press and Macmillan, 
1927. $4.25. 


MILITARY GEOLOGY? 


. Utilization of Geology and Geologists in War 


Time. G.S.A. Committee on War Effort, 
1942. Free. 


. Bibliography of Military Geology and Geog- 


raphy. G.S.A. Committee on War Effort, 
1941. Free. 

Aerophotography and 
Aerosurveying. McGraw-Hill, 1941. $3.50. 


>. C. A. Hart. Air Photography A pplied to Sur- 


veying. Longmans, 1940. $7.50. 


C. A. J. Earptey. Interpretation of Geologic 
Maps and Aerial Photographs. 7 vols. Ann 
Arbor: Edwards Bros., 1941. Vol. VII. 

C. W. C. Putnam. Map Interpretation with 
Military Applications. McGraw-Hill, 1943. 
$1.25. 

C. Armin K. Lopeck. Block Diagrams and 
Other Graphic Methods Used in Geology and 
Geography. Wiley, 1924. $4.50. 

C. B. B. TALLEY. Engineering Applications of 
Aerial and Terrestrial Photogrammetry. Pit- 
man, 1938. 

C. J. J. van Nounvys. “Geologic Interpreta- 


tion of Aerial Photographs.” Amer. Just. 
Mining Engineers Tech. Pub. 825 (1937); 
Amer. Inst. Mining Engineers Transactions, 
Vol. CX XVI (1937), pp. 507-624. 


. W. F. HEAvey. Map and Aerial Photo Read- 


ing Simplified. Harrisburg: Military Service 
Publishing Co., 1940. $1.00. 


. Map Reading: Interpretation of Aerial Pho- 


tographs, Military Sketching. Harrisburg: 
Military Service Publishing Co., 1938. $1.25. 


>. D. W. Jounson. ‘Geology and Strategy in 


the Present War,” Geol. Soc. Amer., March, 
1940. 


. H. T. U. Situ. “Aerial Photographs in 


Geomorphic Studies,” Jour. Geomor ph., Vol. 
IV (1941), pp. 117-205. 


’. J. L. Ricw. “A Bird’s-Eye Cross Section of 


the Central Appalachian Mountains and 
Plateau: Washington to Cincinnati,” Geog. 
Review, Vol. XXIX (1939), pp. 561-86. 


4 This special list was compiled in part from a 


more comprehensive “Bibliography of Military Ge- 
ology and Geography”’ distributed free in mimeo- 
graphed form by the Geological Society of America, 
419 W. 117th Street, New York City. Supplemen- 
tary translations by Professor Cloos of German 
works on that list are also available. 
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. B. WILLIs. 


. R. PuMPELLY. Reminiscences. 


. GEORGE B. 


. DARRELL H. DAvIs. 


R. F. Leccetr. Geology and Engineering. 


McGraw-Hill, 1939. $4.50. 


*. D. G. RUNNER. Geology for Civil Engineers. 


o 


Chicago: Gillette, 1939. $5.00. 


GEOGRAPHY AND EXPLORATION 
WILLIAM CARLSON. Greenland Lies North. 
Macmillan, 1940. $3.00. 

KNUD RASMUSSEN. Queenland by the Polar 
London: William Heinemann, 1021. 
(The story of the Thule Expedition from 
Melville Bay to Cape Morris Jessup.) 


Sed. 


. W. H. Hosss. Explorers of the Antarctic. 


House of Field, Inc., 1941. $3.00. 


. C. HARTLEY GRATTAN. Introducing Austral- 


ia. John Day Co., 1942. $3.00. 

James S. CHILDERS. Mumbo Jumbo, Esquire. 
Appleton-Century, 1941. $5.00. Ryerson 
Press, $6.00. 

H. W. Titman. The Ascent of Nanda Devi. 
Macmillan, 1937. $3.50. 
Living Africa. McGraw-Hill, 
1930. $4.50. 

2 vols. Holt, 
1918. $10. 


. Joun E. Pomfret. The Geographic Pattern 


of Mankind. 1935- 
$4.00. 
Rosita ForBes. Eight Republics in Search 


of a Future. Stokes, 1933. $3.00. 


Appleton-Century, 


. Str WILFRED GRENFELL. The Romance of 


Labrador. Macmillan, 1934. $4.00. 


. AGNES ROTHERY. Sweden: The Land and the 


People. Viking Press, 1934. $3.00. 
CRESSEY. China’s Geographic 
McGraw-Hill, 1934. $4.00. 
The Earth and Man: A 
Human Geography. Macmillan, 1942. $4.25. 


Foundations. 


(See also the section on ‘‘Geomorphology.’’) 


STUDIES FOR STUDENTS 


. Leon CAMPBELL and Luici JACCHIA. 


. StR JAMES 


. SIR JAMES JEANS. 


» oe D. 


EARTH’S PLACE IN THE UNIVERSE 
(ASTRONOMY) 


. FreD L. WuippLe. Earth, Moon and Planets. 


Blakiston Co., 1941. $2.50. 


. FLETCHER G. WaTSON. Between the Planets. 


Blakiston Co., 1941. $2.50. 


. H. B. Lemon. From Galileo to Cosmic Rays. 


University of Chicago Press, 1935. $3.75. 


. Bart and Priscitta Box. The Milky Way. 


Blakiston Co., 1941. $2.50. 

The 
Story of the Variable Stars. Blakiston Co., 
1941. $2.50. 

Their 


Jeans. The Stars in 


Courses. Macmillan, 1931. $2.50. 
: 5 


. Str JAMES JEANS. The Mysterious Universe. 


Macmillan, 1937. $1.00. 


. KirTLEY F. MATHER. Science in Search of 


God. Holt, 1938. $2.00. 


Thru Space and Time. 
Macmillan, 1934. $3.00. 


. SIR JAMES JEANS. The Universe around Us. 


Cambridge University Press, 1933. 3d ed. 


Macmillan, 1934. $4.00. 


. H. SPENCER Jones. Life on Other Worlds. 


Macmillan, 1940. $3.00. 


. SIR JAMES JEANS. The New Background of 


Science. 2d ed. Macmillan, 1934. $2.50. 


BARTKY. Highlights of Astronomy. 
University of Chicago Press, 1936. $2.50. 


. GEORGE GAMOow. The Birth and Death of the 


Sun. Viking, $3.00. Macmillan, 


$3.50. 


1940. 


. Henry Norris Russet. The Solar System 


and Its Origin. Macmillan, 1935. $2.00. 


[Reprints of this list may be secured from the President of the Association of College Geology 


Teachers at ten cents each; in lots of 25 or more for class use at five cents each. Send requests 
to Professor Percival Robertson, Geology Department, The Principia, Elsah, Illinois.] 














Late Paleozoic Pelecypods: Mytilacea. By Nor- 
MAN D. NEWELL. (‘‘University of Kansas 
Publications, State Geological Survey of 
Kansas,” Vol. X, Part II.) Lawrence, 1942. 
Pp. 80; figs. 22; pls. 15. 

This is the second part of Dr. Newell’s sig- 
nificant monograph on the Pennsylvanian and 
Permian pelecypods of the Mid-continent region. 
In Part I (Vol. X [1937]) the author considered 
the Pectinacea. In Part II, which concerns the 
Mytilacea, he describes in detail eleven genera 
and three subgenera of the superfamily; four 
genera, two subgenera, nineteen species and 
varieties are new. 

The text, which is divided into two principal 
sections, the Introduction, and the ‘‘Systematic 
Paleontology,” contains also a Preface by Ray- 
mond C. Moore, a Table of Contents, and an 
Index. 

Embodied in the Introduction, which is im- 
portant for all teachers and students of inverte- 
brate paleontology, is a detailed discussion of 
the bionomics of living Mytilidae, which in turn 
is translated in terms of the Pennsylvanian and 
Permian occurrences. Following this is a dis- 
cussion of evolutionary trends and a profusely 
illustrated, comprehensive presentation of shell 
morphology, which will be heartily welcomed 
by novice and veteran alike. Also included are 
charts showing the principal divisions of the 
American Pennsylvanian and Permian rocks 
plus the known stratigraphic range of the Late 
Paleozoic Mytilacea. 

Outstanding in the second major section, or 
“Systematic Paleontology,” is the consideration 
given to the variability and palingenesis of the 
Mytilacea through abundant use of frequency 
graphs, scattergrams, and form series. Dr. New- 
ell emphasizes the importance of critical onto- 
genetic studies, which commonly reveal previ- 


REVIEWS 





ously overlooked, polyphyletic conditions in the 
pelecypods. The section is concluded with the 
generic assignment of some foreign species, a 
list of references, and fifteen plates. 


Irvinc B. HAMILTON 


Hydraulics. By GEORGE E. RUSSELL. 5th ed. 
New York: Henry Holt & Co., 1042. 
Pp. vili+468; figs. 238. $4.25. 

This successful book, now in its fifth edition, 
is designed primarily for students and engineers 
whose professional work requires some knowl- 
edge of hydraulics. The first ten chapters have 
been completely re-written with recent trends 
of research and practice in mind. The chapters 
on hydraulic machinery have been brought up 
to date. 

As was true of the previous editions, the 
fundamental principles of fluid flow are clearly 
presented and effectively illustrated by worked 
examples in the text. A generous number of 
interesting practical problems with answers are 
given at the end of each chapter. 

Rather serious limitations have been placed 
upon the number of topics included and upon 
the extent of the analysis of the subject matter. 
Although the author carefully points out in the 
Preface that the text does not touch upon 
problems in aerodynamics, or contain dis- 
cussions of problems of nonisothermal fluids, 
however, it is disappointing to the present re- 
viewer to find nothing on the theory and use of 
the flow net and very little indeed on the trans- 
portation of sediments. Only a few remarks are 
made on modern theories of turbulence and the 
application of these theories to pipe friction. 


MICHAEL FERENCE 
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Analyses of Illinois Coals. U.S. Bureau of Mines 
Technical Paper No. 641. Washington, D.C.: 
Government Printing Office, 1942. 

Analyses of West Virginia Coals. By Various 
Authors. U.S. Bureau of Mines Technical 
Paper No. 626. Washington, D.C.: Govern- 
ment Printing Office, 1942. 

A Bibliography of Oklahoma Oil and Gas Pools. 
Compiled by Alan G. and Martha B. Skelton 
Oklahoma Geological Survey Bulletin No. 63. 
Norman, 1942. 

Bibliography of Seismology. By Ernest A. 
Hodgson. Publications of the Dominion 
Observatory, Vol. XIII, No. 12. Ottawa: 
Department of Mines and Resources, 1943. 

Dolomites and Magnesian Limestones in 
Georgia. By A. S. Furcron. Department of 
Natural Resources, Division of Mines, Min- 
ing, and Geology, Information Circular No. 
14. Atlanta, 1942. 

Exploration for Oil and Gas in Western Kansas 
during 1941. By Walter A. Ver Wiebe. 
Kansas Geological Survey Bulletin No. 42. 
Lawrence, 1942. 

Feldspar in Illinois Sands: A Study of Re- 
sources. By H. B. Willman. Illinois State 
Geological Survey Report of Investigations 
No. 79. Urbana, 1942. 

Field Tests for the Common Metals. By George 
R. Fausett. Arizona Bureau of Mines Bulle- 
tin No. 150. Tuscon, 1942. 

Foraminifera from the Type Area of the Kreyen- 
hagen Shale of California. By J. A. Cush- 
man and S. S. Siegfus. Transactions of the 
San Diego Society of Natural History, Vol. 
IX, No. 34. San Diego, 1942. 

Geologic Importance of Calcareous Algae with 
Annotated Bibliography. By J. Harlan 
Johnson. Colorado School of Mines Quarter- 
ly. Golden, 1943. 

Geology of the Forest of Dean Coal and Iron- 
Ore Field. By F. M. Trotter. Geological 
Survey of Great Britain, Department of Sci- 
entific and Industrial Research. London, 


1942. 


Geology and Ground-Water Resources of Ford 


County, Kansas. By Herbert A. Waite and 
Robert H. Hess. Kansas Geological Survey 
Bulletin No. 43. Lawrence, 1942. 
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PUBLICATIONS RECEIVED 


5 


Geology and Ground-Water Resources of Meade 
County, Kansas. By John C. Frye. Kansas 
Geological Survey Bulletin No. 45. 
rence, 1943. 

The Geology of the Southern Part of Morton 
County, North Dakota. By Wilson M. 
Laird and Robert H. Mitchell. North 
Dakota Geological Survey Bulletin No. 14. 
Grand Forks, 1942. 

Hantkenina in the Eocene of East Borneo. By 
Hans E. Thalmann. Stanford University 
Publications, Geological Sciences, Vol. III, 
No. 1. Stanford University, 1942. 

Inventory of Mineral Properties in Snohomish 
County, Washington. By W. A. Broughton. 
Department of Conservation and Develop- 
ment Report of Investigations No. 6. Olym- 
pia, 1942. 

An Investigation of the Reported Occurrence of 
Tin at Juniper Ridge, Oregon. By H. C. 
Harrison and John Eliot Allen. Department 
of Geology and Mineral Industries Bulletin 
No. 23. Portland, 1942. (Lithoprinted.) 

An Investigation of the Tyrrell Manganese 
Deposit and Other Similar Properties in the 
Lake Creek District, Oregon. By Wallace D. 
Lowry. Department of Geology and Mineral 
Industries Short Paper No. 10. Portland, 
1943. 

Kansas Bentonite: Its Properties and Utiliza- 
tion. By E. D. Kinney. Kansas Geological 
Survey Bulletin No. 41. Lawrence, 1942. 

Magnetic Separation of Ores. By R. S. Dean 
and C. W. Davis. U.S. Bureau of Mines 
Bulletin No. 425. Washington, D.C.: Gov- 
ernment Printing Office, 1942. 

Maps, Plans, and Sections To Accompany Re- 
port on the Mining Groups of the Yilgarn 
Goldfield South of the Great Eastern Railway, 
Part I: From Southern Cross Southwards to 
Marvel Loch. Western Australia Geological 
Survey Bulletin No. 98. Perth, 1940. 

Mémoires de la Société russe de minéralogie. 
2dser. Vol. LXX, No. 2. By A. P. Guerassi- 
mov and D. P. Grigoriev. Moscow and Len- 
ingrad, 1941. (In Russian.) 

The Methodology of Pierre Duhem. 
mand Lowinger. New York: 
University Press, 1941. 


Law- 


By Ar- 
Columbia 
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The Mineral Industries of Arkansas in 1942. 
Annual Report of the State Geologist. Ar- 
kansas Geological Survey Bulletin No. tro. 
Little Rock, 1943. 

Mineral Matter in Coal. By George C. Sprunk 
and H. J. O’Donnell. U.S. Bureau of Mines 
Technical Paper No. 648. Washington, D.C.: 
Government Printing Office, 1942. 

Minerals of New Mexico. By Stuart A. North- 
rop. Albuquerque: University of New Mexico 
Press, 1942. 

New Carboniferous and Permian Sponges. By 
Ralph H. King. Kansas State Geological 
Survey Bulletin No. 47, Part I. Lawrence, 
1943. 

The Occurrence and Production of Molybde- 
num. By John W. Vanderwilt. Colorado 
School of Mines Quarterly. Golden, 1943. 

Oil and Gas Resources of New Mexico. By 
Robert L. Bates. New Mexico School of 


Mines Bulletin No. 18. Socorro, 1942. 
Oregon Metal Mines Handbook, Vol. II, Sec. 1 
—Josephine County. State of Oregon Bulle- 
tin No. 14C. 1942. 
Origin of the Black Sands of the Coast of South- 
west Oregon. By W. H. Twenhofel. Depart- 
ment of Geology and Mineral Industries, 


State of Oregon Bulletin No. 24. 1943. 

Publications on the Geology and Mineral Re- 
sources of Virginia. By Arthur Bevan. Vir- 
ginia Geological Survey Circular No. 2. Uni- 
versity, 1942. 

Report of the Committee on the Measurement 
of Geologic Time, 1941-1942. Washington, 
D.C.: National Research Council, 1942. 

Report of the State Geologist, 1942-43. Orono, 
Me., 1943. 

Transactions of the American Geophysical 
Union 23rd Annual Meeting, Part II: 22nd 
Annual Meeting, April 3-4, 1942. Reports 
and Papers, General Assemblies and Sec- 
tions of Geodesy, Seismology, Meteorology, 
Terrestrial Magnetism, and Oceanography, 
Volcanology, Hydrology, and _ Tectono- 
physics; Part III: Reports and Papers, 


PUBLICATIONS RECEIVED 


Joint Regional Meetings, Section of Hydrolo- 
gy (a) Dallas, Texas; (6) Pasadena, Cali- 
fornia. 

Results of an Experiment on the Improvement 
of Sandy Soil with River Silt. By L. C. 
Gottschalk. U.S. Department of Agriculture, 
Soil Conservation Service Special Report 
No. 3. Washington, D.C., 1942. 

Shiftings of Sea Floors and Coast Lines. By 
Norman L. Bowen, Joseph A. Cushman, 
and Roy E. Dickerson. Philadelphia: Uni- 
versity of Pennsylvania Press, 1941. 

Significance of Leptdocyclina (Lepidocyclina) 
californica. New Species, in the Vaqueros 
Formation (Tertiary), California. By Hubert 
G. Schenck and T. S. Childs, Jr. Stanford 
University Publications, Geological Sciences, 
Vol. III, No. 2. Stanford University, 1942. 

Some Manganese Deposits in the Southern Ore- 
gon Coastal Region. By Randall E. Brown. 
Department of Geology and Mineral Indus- 
tries Short Paper No. 9. Portland, 1942. 

Stratigraphy of the Pre-Greenhorn Cretaceous 
Beds of Kansas. By Norman Plummer and 
John F. Romary. Kansas State Geological 
Survey Bulletin No. 41. Lawrence, 1942. 

The Structural Geology of the Cache Creek 
Area, Gros Ventre Mountains, Wyoming. By 
Vincent E. Nelson. Augustana Library Pub- 
lication No. 18. 1942. 

The Surface of Western Queensland. By F. W. 
Whitehouse. Proceedings of the Royal So- 
ciety of Queensland, Vol. LIII, No. 1. Bris- 
bane, 1942. 

Tallahatchie County Mineral Resources. Ge- 
ology by Richard Randall Priddy. Tests by 
Thomas Edwin McCutcheon. Mississippi 
State Geological Survey Bulletin No. 50. 
University, 1942. 

Third Biennial Report of the State Department 
of Geology and Mineral Industries of the 
State of Oregon, January 1, 1941, to July 1, 
1942. Department of Geology and Mineral 
Industries Bulletin No. 25. State of Oregon, 


1943. 
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Among the articles to appear in early numbers 

of The Journal of Geology are the following: 

Structure and Origin of Black Hills Pre-Cambrian Granite 
Domes. By J. J. RUNNER 


Disintegrating Soil Slips of the Coast Ranges of Central Cali- 
fornia. By Joun E. KEsseEu1 


The Galisteo Formation of North-Central New Mexico. By 
Cuar_es E. STEARNS 


Birdseye Coal from Greymouth, New Zealand. By M. Gace and 
J. A. Bartrum 


Features of a Victorian Limestone Coastline. By GEORGE BAKER 

















THE JOURNAL of GEOGRAPHY 


Official Organ of the National Council of Geography Teachers 
Edited by Grorce J. Mruuer, State Teachers College, Mankato, Minnesota 


This magazine, monthly for the school year, is devoted to the constant improvement in the 
teaching of geography. Every teacher of this subject will find aid both as to content and method. 


CONTENTS OF A TYPICAL ISSUE 


The Philippine Islands and Their People - - - - - + Atpen CurTsHALL 
To Montenegroby Bus - - - - 2+ = = = . M. Metvina Svec 
Geography for the Junior Colleges - - + + = = - - Cari S. Meyer 
Aeronautics and Geography - - - - = = = - - M.H. Saearzr 
Tracing the Footsteps of Autumn: An Educational Experiment - + Jonn H. Kemizr 
Editorial Notes and News 
Geographical Publications 

Membership in the National Council of Geography Teachers includes subscription to the 
Journal of Geography. Annual dues $2.50. 


Subscription price $2.75 to those who are not eligible to membership in the National Council 
of Geography Teachers. 
Published by 


A.J. NYSTROM & CO. 


3333 ELSTON AVENUE CHICAGO, ILLINOIS 
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AND IS new book presents a concise, 
well-organized, and broadly in- 


clusive discussion of the ever-increas- 


ing number and volume of earth ma- 
terials, both metallic and non-metallic, 
which have become essential to pres- 


ent-day industries and have been in- 
THEIR strumental in enriching life. Each ele- 
ment is fully described; its uses, both 
NATURE, OCCURRENCE alone and in compounds, are ex- 
AND USES plained; and the minerals from which 
it is derived are described. A note- 
worthy textbook. Price $6.00 
By 


R. D. GEORGE 
Bisicrious tiichdinas ob Ceslocs D. Appleton-Century Co. 


University of Colorado 35 West 32nd St. New York City 











Aerial Photographs 


AND THEIR APPLICATIONS 
By 
H. T. U. SMITH 


Assistant Professor of Geology, University of Kansas 


'HIS is a practical, profusely illustrated text that provides a working knowledge of the 

simpler methods of making maps from aerial photographs and places greatest empha- 
sis on the interpretation and use of aerial photographs, with special reference to the needs 
of the geologist, geographer, engineer and military scientist. Contrary to other books in 
its field Smith’s Aerial Photographs and Their Applications deals with map-making as a 
means to an end, rather than as an end in itself, and stresses the details of practical pro- 
cedure instead of discoursing on confusing theoretical matters. A special feature of the 
book is its wealth of illustrations, a large percentage of which are arranged for stereo- 
scopic examination, and the great majority of which have never before been published. 


To be ready late in May, 1943 


D. APPLETON-CENTURY COMPANY 
35 West 32nd Street New York, N.Y. 




















